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ABSTRACT 

It is now generally accepted that the membrane (Na* + K*)- 
ATPase which has been isolated from a wide variety of tissues is 
intrinsically involved in the active transport of Na’ across biological 
membranes. However the isolation of this enzyme has not previously 
been reported from vascular smooth muscle. 

When methods used for other tissues were employed to isolate 
the (Nat + K*)-ATP ase of rabbit aortae, then only a Mert or Catt 
activated ATPase activity not stimulated by Na’ plus rae addition or 
inhibited by ouabain was found in the homogenates and subcellular 
fractions of rabbit aorta assayed in Tris buffer. When histidine 
buffer was used to replace Tris buffer in the enzyme assay media Nat 
plus Kr stimulation of the Mgt *-ATP ase activity in the total homogenate 
could be demonstrated. However to demonstrate such activity in the 
isolated microsomal fractions, a soluble, non-enzymatic, factor 
remaining in the 100,000 x g supernatant material had to be added. 

Since the microsomal fraction isolated by differential 
centrifugation was found to be contaminated with mitochondrial fragments, 
a further density gradient centrifugation technique was developed to 
eliminate most of this contamination and increase the specific activity 
of the monovalent cation stimulated ATPase. 

In the presence of the supernatant factor the Me**-ATPase 
activity in the density gradient isolated microsomal fraction could be 
optimally stimulated by the addition of 50 mM Na’ and 2 mMK*. The 


+ 
greater part of this stimulation was due to a ouabain insensitive Na 
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stimulated Mg*'-ATPase activity. However the remainder of the total 
stimulation was ouabain sensitive and attributed to a (Na + K')-ATPase. 
aes could not replace Me nor other nucleotides ATP for the monovalent 
cation stimulation. The ouabain inhibition could be overcome by 
increasing the aa concentration. 

The cellular efflux of iY in rabbit aortae suggested the 
presence of at least two types of Na’—pumps. One may be a ouabain 
sensitive Na’ -pump and the other may be a metabolically dependent Na‘- 


pump, unaffected by ouabain but controlling cell volume. 
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GENERAL INTRODUCTION 
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CHAPTER I. GENERAL INTRODUCTION 


A. Introduction to the Thesis Project. 


The ionic composition of the extracellular fluid of all 
animal cells differs markedly from that of the fluid within the cells. 
The external environment of the cell usually contains a high concen- 
tration of Nat relative to ee whereas within the cell these concentra- 
tions are almost reversed (Macallum, 1905). Besides the chemical 
gradient there also exists an electrical gradient across the cell 
membrane, with the interior of the cell being negative with respect to 
the outside. These gradients occur across a cell membrane; however, 
the cell membrane does not maintain this electrochemical gradient by 
simply being impermeable to the ions involved. Thus the cell must 
move Na* outward against the electrochemical gradient and in so doing 
utilizes some of its metabolic energy. This phenomenon has been 
attributed to the "sodium pump" or active transport (Ussing, 1949). 

In 1957 Skou identified an adenosine triphosphatase in crab 
nerve membrane which required Na* plus K as well as Mee for cull 
activity and suggested that this enzyme [ (Nat + K*)-ATPase] may partici- 
pate in the active transport of Na’. Since this time numerous 
investigators have substantiated this relationship in a variety of 
tissues (Post and co-workers, 1960; Dunham and Glynn, 1961; Wheeler 
and Whittam, 1961; Bonting and co-workers, 1961, 1962; Skou, 1962). 


+ 
Studies comparing (Na* + K*)-aTPase activity with Na flux measurements 
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in the erythrocyte (Post and co-workers, 1960), toad bladder (Bonting 

and Canady, 1964) and in giant axon (Caldwell and Keynes, 1957; Caldwell, 
1960; Bonting and Caravaggio, 1962) have supported the association of 
these two systems. However, little attention has been paid to the 
possible role of (Nat + K)-ATPase in the transport of cations in 
vascular smooth muscle. 

Ion flux studies on vascular smooth muscle indicate that an 
active Na* pump exists (Barr and co-workers, 1962; Vidlakova and 
Klenizeller, 1963; Daniel, 1965; Garrahan and co-workers, 1965; Hage- 
meijer and co-workers, 1965). These studies indicate that the Na* 
efflux in vascular smooth muscle is Kr dependent and possesses some 
sensitivity to the cardiac glycoside ouabain (Garrahan and co-workers, 
1965). Thus the movement of the monovalent cations against their 
electrochemical gradients appear to be mediated by a system which has 
the properties of a (Na* + K’)-ATPase. 

The object of this thesis was to isolate and characterize 
the (Na* + K*) -ATPase and any other ATPases that may be involved in the 
movement of cations in vascular smooth muscle. Further studies of the 
efflux of Na* and ee were also carried out in order to obtain a better 
understanding of how the ion movements are related to the ATP hydro- 


lysing enzyme(s) found in vascular smooth muscle. 


B. Parallels Between the Properties of the Active Transport System 


and the fae + K’)-ATPase. 


The work establishing the existence of active cation transport 


: ‘ ae 

enisnod) sebbeld bsaos ,(0d@! ,eteavow-o7 Soe oS ee 
4 

flewbleD :'205 .eenveaXd bre Ifewbis0) soxe taatg at bos- (ae 
- 

wis f tan 
lo notivel: s of3 bstiogque evar (Sel BYB180 boa tse 1008 cal 
i) : j ‘Lis! eas fro r is735 alriil Tavawoll mses yieeeds - 


3 oft ot seg@ta=Cx + Tee te ip 


to Jvoqensy 
° : Pa | 
.slouum dioomé taluoeay 
el 
: bot sloaum d3oome relupeav no estbuga aul ‘oor J * 


iV «;Sa@L ,axsdiow~oo) bas 31 pa) viemaad a. cetn 
~agaH ;¢ -e7e oo bre updarzsd ;cael. ts ee :£0eL evatfosh 


. - e 
: 5 . , : 2° We ee gids‘ oT re iy oo eas 
a4 sat ts5c2 sotbni aBibyde sesAT . (200 ee - a 
. ay ek eee 
) + 7 ‘ if Pr a * *) : 
g ze3ee bas Jnsbneqsb A ak sioaum nioome ne x 
, avant 99 ‘bas osdisttad) aktsdayo sbiaocoyig ostbyas eis’ ‘ot vaiviste 


13 Jertes aroliss tjasisvonom sdd 16 Jnogievom ony audT CL 


ed rfobsiw ‘2 2 yd bststbem ed 03 1eas9qs vhastberg, Ixokedaor33 aan 
' +. + -. 
SendTA-C 4 + “et ® Yo estazeq Tis] 


— : 


— 


, , , ' ry 
ssitsioaredo bom eseloek o3 esw eltasd? eis To ‘s9etdo oat — 


eid of beviovat sd yem Jadd esesYlA issit0 yas bas ooosta (ta + et att 


muse 


cr - 
« * — a : 
eo) to eefbusge ziti -Sloeum zocma talusesv ar _aaohan9 0 3090 sts mi 
. : 2 : : = te :" + 
yetjad s niasdo ot tsbi0 nf tuo Bstttao oels Sisw7 "1 bas oH To Mylits is 


“orbyi ITA ez 03 beisler sis Sun amsvort sok eft wor. <a baw 


— 


.sfoeum dgcome taluoesv at bavo? @) ponte 


” \ 


7 
’ 


meseye Jx0ge went. aris ovt3o4 & a2 Io 
—t 


— 
aptaxsgoS offs 58 


a ‘ 5 


+ 
and the role of a (Na + K*) -ATPase in this system has been well 


reviewed (Skou, 1964 and 1965; Whittam, 1964; Judah and Ahmed, 1964a; 


Baker, 1966; Charnock and Opit, 1968). However, it would be profitable 


to review the criteria relating to the two systems. 


i, 


Both systems require metabolic energy in the form of 
ATP for activity and ATP cannot be replaced by other 
trinucleotides. 

Both systems require Na? and Kt together. 

ue and ATP are required on the-inside of the membrane 
along with Mest while ra is required on the outside. 
In both systems the requirement for KT can be sub- 
stituted by other monovalent cations; however, the 
Na* requirement cannot be substituted. 

Both systems are inhibited in the presence of the 
cardiac glycoside ouabain. 

The inhibitory effects of ouabain can be overcome by 
increasing the Kr eoncentration in both systems. 

ca’ ‘addition leads to an inhibition of activity in 
both systems. 


Both systems are located in the cell membrane. 
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i. The Requirement of Metabolic Energy in the Form of ATP. The 
metabolic dependence of active transport has been well established. 
Most of the early experiments were done on the red blood cell. Maizels 
and Whittaker (1940) found that during cold storage red cells would 
lose Kr and gain Na* by passive diffusion and on subsequent incubation 
at 37°C would recover KT while Nat is extruded. Also removal of 
glucose or inhibition of glycolysis by iodoacetate (IAA) was found to 
inhibit the active net transport in these cells (Maizels, 1951). This 
led Maizels to suggest that a product of glycolysis may be involved. 

That high energy-rich phosphate compounds, generated during 
glycolysis, were involved in active transport of sodium was evident. 
With the advent of the reversible haemolysis technique (Gardos, 1954) 
red cell ghosts could be prepared devoid of the glycolytic enzymes 
and with any desired chemicals inside them. Using this system 
Hoffman (1960) found that ATP but not other nucleotides (CTP, UTP, 
GTP, and ITP) could support active ion transport. 

Caldwell and co-workers (1960) were able to inhibit ana 
efflux from squid giant axons with cyanide, dinitrophenol (DNP) or 
azide, When they injected ATP or compounds readily converted to ATP 
into a fully poisoned axon, but not if placed in the external 
medium there was a brief period of increased Na’ efflux and the 
magnitude of this depended on the amount of energy-rich phosphate 
compounds injected, AMP, GTP, and ITP were not effective. Thus ATP 
could be used in a poisoned axon as the energy source for active 
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Studies on the properties of the (Nat + K’)-ATPase showed that 
only the hydrolysis of ATP was stimulated by Na* and K. The hydrolysis 
of other nucleotides (ADP, ITP, GIP, or UTP) by this enzyme was not 
stimulated in the presence of fa’ and Kr in the medium (Skou, 1960; Post 
and co-workers, 1960; Rendi and Urh, 1964). Also ADP itself will inhibit 
the ATPase reaction. This has led Charnock and Opit (1968) to postulate 
a "feed-back control" of the enzyme by the level of the ATP:ADP ratio 


within the cell. 


ii. Sodium and Potassium Requirements. Both ATP breakdown 


and sodium transport are stimulated by Na* on the internal surface of the 
red cell membrane; Kr stimulation of the ATPase and of active Nae trans- 
port occurs at the external surface. Furthermore ATP is hydrolysed only 
when present inside the cell and stimulation of the ATPase is regulated 
by the concentrations of internal Na’ and external ae as is Na* transport 
(Whittam, 1962; Sen and Post, 1964). The concentration of ia" and Kr 
required to produce half maximal activation of both ATPase and the 

active transport system were found to be identical (Post and co-workers, 
1960; Dunham and Glynn, 1961). 

The rate of active Na* transport is decreased when external K* 
is removed (Glynn, 1956). Many variables which decrease Na’ efflux also 
decrease a influx into cells. This led to the hypothesis that the 
outward transport of Na* was chemically or electrically coupled to the 
uptake of 4 For activation of both Na* efflux and the stimulated 


hydrolysis of ATP by (Na* + K*)-ATPase the Kr requirement can be replaced 
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by other monovalent cations ene Gan. Bhi NH,”). However, the internal 
Nat requirement for both transport and the ATPase cannot be replaced by 
the monovalent cations: (Skoeu, 1960; -MeConaghly and Maizels, 1962). It 
was also shown that roy can displace Na* from its activation site, render- 
ing the enzyme less active and therefore-the-enzyme activity seems to 
depend on the internal Nat:Ky ratio rather than-on the concentration of 


each ion. 


iii. Cardiac Glycoside Sensitivity. Cardiac glycosides were 


first shown to inhibit ion transport in red cells by Schatzmann (1953), 
and have since then been found effective in many tissues capable of 
transporting ions. The site of-action of these drugs appears to be the 
sodium pump itself. The glycosides do not inhibit metabolism, or affect 
cellular ATP levels but do inhibit- the (Na ek MAT ead and are 
effective inhibitors: of- transport in red cell ghosts. It has also been 
shown: that their effect may be reduced by increasing the jes concentration 
in the external medium (Glynn, 1957). That the inhibitory effects of 
glycosides on Na* transport result: through an-action on the outside of 
the cell membrane has-been demonstrated:in nerve (Caldwell and Keynes, 
1959) and in the red cell (Whittam, 1958). 

Ouabain and related cardiac glycosides in low concentrations were 
also found to be potent inhibitors of the (Na* + K’)-ATPase (Dunham and Glynn, 
1961; Caldwell and-Keynes, 1959; Judah and Ahmed, 1964b). The Nat and 
Kt stimulated portion of the (Nat + K*)-ATPase activity is completely 


inhibited by-the glycosides. For inhibition of either the transport system 
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or the (Na* a K*)-ATPase of intact red cells the glycoside must be outside 
the cell membrane (Glynn, 1964). Moreover, the concentration of ouabain 
required to cause half-maximal inhibition of the nat and Kr stimulated 
portion of the (Nat + K*) -ATPase is similar to that needed for inhibition 
of active transport in the red cell (Post and co-workers, 1960). The 
structural requirements of glycosides for inhibition of the twat + Kt) - 
ATPase are also the same as those for inhibition of active Na’ transport 
(Dunham and Glynn, 1961). 

The degree of enzyme inhibition by the glycosides was diminished 
by increased Kr concentration outside the red cell membrane as was the 
inhibition of ion transport (Dunham and Glynn, 1961; Kingsolving and 
co-workers, 1963). Thus the parallel-action of these drugs on both the 
enzyme and transport system has further substantiated the association 
between the two systems. 

Glycosides were believed to be competitive inhibitors of the 
(Nat + K’)-ATPase and ion transport in competition with Kt for the Kr 
activating site (Glynn, 1957; Skou,; 1957). However, Matsui and Schwartz 
(1966) have presented kinetic evidence that the ouabain inhibition of 
the (Nat + K*) -ATPase in cardiac tissue is not due to a displacement of 
Kr from its activating site. Also Hoffman (1966) presented evidence 
that K prevents the action of glycosides by a non-competitive allo- 


steric manner. 


a 
iv.- Effects of Other Inhibitors. The concentrations of Mg 


and ATP required for maximal (Nat + K*)-ATPase activity are usually equal. 
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Addition of Cabs in low concentrations inhibits the (Neon + K’)-ATPase, 
and Epstein and Whittam (1966).have presented: evidence that Ca’ *-aTP 
rather than ionic Catt acts. as an inhibitor that is eompetitive with 
Mg’ -ATP. Gai’ also inhibits active transport of Na’ when present 
inside the cell (Hoffman, 1962). In a kidney cortex (Nat + baohiba se 
preparation substitution of Mgt, by pane results in an ATPase activity 
equivalent to or slightly greater than that found with its alone. 
However, the addition of Na, and xr does not enhance this activity 
(Charnock and Post, 1963). 

The metabolic inhibitors azide; DNP, IAA and-cyanide, which 
do not directly inhibit the active transport of Na’, have no effect 
upon the Na’ + K’)-ATPase (Hoffman, 1962). The enzyme is, however, 
inhibited by sulfhydryl blocking agents: (Weed and Berg, 1962). Those 
reagents which react- only with the most readily available sulfhydryl 
groups, such as n-ethylmaleimide (NEM) and IAA, do not inhibit the 
enzyme while the more potent inhibitors, gel and chloromerodin, 
block the iat ~ K*)-ATPase (Weed and Berg, 1962). However, preincu- 
bation with NEM for 30 minutes has- also been reported to be effective 
(Fahn and co-workers, 1966). 

The (Nat + K')-ATPase can-also be inhibited by mercurial 
diuretics, ethaerynic aeid and furosemide (Landon and Norris, 1963; 
Taylor, 1963; Hook and Williamson, 1965; Jones and co-workers, 1965). 
However, a clear connection between their diuretic properties and their 
ability to inhibit ATPase has not been established. The enzyme has 
also been found to be inhibited by the lower aliphatic alcohols (Israel 


and co-workers, 1965, 1966; Israel and Salazor, 1967). 
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v. Occurrence and: Cellular Localization. Demonstration of the 
(Na? + K’)-ATPase to be a component of the cell-membrane, where the hypo- 
thetical "sodium pump" is assumed to be located, provides further support 
for the hypothesis that it is involved in active ion transport. In 
studies with intact cells the enzyme has been found in the membrane of 
the erythrocyte (Post and co-workers, 1960; Dunham and Glynn, 1961; 
Whittam, 1962) and in the-sheath of the giant axon of the squid (Bonting 
and Caravaggia, 1962). ATPase activity has also been demonstrated by 
histochemical techniques in kidney tubule cells (Spater and co-workers, 
1958), liver cell plasma membrane (Essner and co-workers, 1958), HeLa 
cell membrane (Epstein and Holt, 1963), and in the cell membranes and 
pinocytotic vesicles of aortic endothelial cells (Hoff and Graf, 1966). 
However, a great deal of controversy remains as to whether the histo- 
chemical lead staining methods used to demonstrate the location of the 
enzyme are valid (Tormey, 1966;--Rosenthal and co-workers, 1966; 
Novikoff, 1967;  Moses-and Rosenthal, 1967). 

In most-tissues it is not as easy-to obtain cell membranes 
as with red cells-or giant-squid axons. With the use of differential 
centrifugation: techniques-it is, however, possible to isolate membrane 
fractions (microsomes) - from Peet a saticuoscaatan’ Using these 
techniques the (Nat + K')-ATPase was found to be-located either in the 
low sedimenting nuclear fraction (Wheeler and Whittam, 1962; Kin- 
solving and co-workers, 1963; Emmelot and Bos, 1966), in the microsomes 
(Schwartz and co-workers, 1962; Schwartz, 1964; Glynn, 1963; Whittam 


and Blond, 1964) or equally distributed in both (Wheeler and Whittam, 
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1964; Bonting and co-workers, 1962). 

The microsomes, which sediment at~high gravitational forces 
(30,000 to 100,000 x g), are thought to-be largely composed of endoplasmic 
reticulum (Hanzon and Toshi, 1959; Siekevitz, 1959) and fragments of the 
plasma membrane (Hokin and Hokin, 1960; -Charnock and Post, 1963). 
Wallach and his co-workers, using an immunologic technique, concluded 
that small fragments of plasma membrane sediment are harvested with the 
"microsomes" and provide the bulk of the (Nai + Kr )-ATPade activity in 
the microsomal fraction of cell homogenates of Ehrlich ascites tumor 
cells (Wallach and Ullrey, 1964; Wallach and Kamat, 1964; Kamat and 
Wallach, 1965). 

In summary the involvement of the ee + K’)-ATPase with the 
- active transport of Na* seems very likely, and has been well correlated 
to the criteria for an active transport system which were originally set 
- down by ee and co-workers- (1960) and elaborated upon more recently by 


‘Skou (1964). 


+ ~ 
C. Separation and Further: Purification of the (Na + K )-ATPase from 


Other ATPase Activities. 
Attempts at further purification by removing the enzyme from 
the membrane usually are associated with a loss of enzymatic activity. 
Also during the isolation and purification of membrane fractions with 


(Na* + K’)-ATPase activity, some of the essential features of the sodium 


pump may be lost, 
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i. Chemical and Physical Techniques Which Alter the Activity 
Ratio. When studying preparations of the membrane ATPase two types of 
ATPase activities are found to exist. One is the ouabain insensitive 
ATPase activity observed in the presence of TA (Mg* -aTPase) and the 
other is the ouabain sensitive activity in the presence of mets aa 
and KT, The activity ratio indicates the proportion of each of these 
two types-of activities present. It is defined as the activity of the 
enzyme preparation in the presence of ess Na’ and KT: divided by the 
activity of the enzyme in the presence of Me’? alone (Me * + Nat + Kt /Mg**). 
It has been suggested that the two enzyme activities may be either two 
distinct enzymes (Hoffman, 1962) or two forms of the same enzyme in which 
- the Mg’ '-ATPase may be (Nat + K’)-ATPase material which has become desensi- 
tized to Na’ and KY during the course of preparation. 

The activity ratio can be altered by the method of enzyme 
preparation (Post and co-workers, 1960; Dunham and Glynn, 1961). In some 
eases it is believed that the Mg’ '-ATPase activity is due to the presence 
‘ef: contaminating mitochondrial fragments with this enzyme activity. In 
such- cases~the Mg’ -ATPase- activity could be inhibited selectively by low 
concentrations of: azide, oligomycin and quinidine which inhibit mito- 
chondrial -ATPase: (Samaha, 1965, 1966). An increase in activity ratio has 
also been demonstrated by the use of the detergent deoxycholate, which se- 
lectively solubilized some of the Mg’ '-ATPase (Skou, 1962; Ja&rnefelt, 
-1964) and left the (Nat + R eATease unaffected. On the other hand 


‘Charnock and Post (1963) reported that deoxycholate increased the activity 


ratio not by depression of the Mg’ '-ATPase activity but by increasing the 
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specific activity (rate of ATP hydrolysis/mg protein nitrogen) of the Na* 
and K* activated component. They also presented results indicating that 
the effect of deoxycholate treatment was similar to the effects observed 
after aging of microsomal material. 

Schwartz (1962, 1965) and Schwartz and Laseter (1964) have 
shown that aging of the microsomal preparation of cardiac muscle increases 
the activity ratio. They also found that the basic protein histone could 
inhibit the Mg’ '-ATPase activity more than the (Nat + x y-atPase activity, 
and thus postulated that histones, which may not have been released during 
homogenization, were released and interacted with the enzyme during the 
aging procedure. Histones were also found to inhibit actomyosin ATPase. 
It-is therefore coneeivable that the increase in activity ratio observed, 
in their microsomal ATPase preparation, was due to inhibition of the 
actomyosin ATPase which may have been present as a contaminant. 

The Mg’ -ATPase and (Na* + K’)-ATPase components have also been 
separated by Nal-extraction (Nakao and co-workers, 1963) and by ultra- 
-sonication (Tosteson and co-workers, 1965). Askari and Fratantoni (1964) 
found that sonication of erythrocyte membranes resulted in a Mg’ '-ATPase 
activity which could be stimulated independently by Na* or Kt alone and 
this activity was insensitive to ouabain unless the ions were both 
present. Somogyi (1964)-has reported a method which completely removed 
the Mg’ '-ATPase activity from the (Na* aL K*)-ATPase activity in a rat 
brain preparation. Using consecutive heat and detergent treatments he was 
able to get an enzyme which did not hydrolyse ATP in the presence of Me’ 
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Solubilization of the membrane ATPase-system by the use of 
detergents has allowed further purification (inereased enzyme activity) 
of the enzyme (Medzihradsky and co-workers, 1967; Uesugi and co-workers, 
1969); These workers: coneluded that the-enzyme has lipoprotein properties 
with an apparent molecular-weight of 670,000. However, Kepner and Macey 
(1968) have reported a molecular weight of 250,000. If it is assumed that 
the ATPase in-different tissues is the-same;-then these-different values 
could be an- indication of different purities of preparations. However, 
the-many difficulties invoived-in-molecular weight determinations of 
macromoleeules may also be responsible for the different values. 

Thus it is apparent that more extensive purification of the 
enzyme and-studies of its properties are required. Also the answer to 
the question of whether- the enzyme activities observed are in fact 
separate or simply manifestations of a single enzyme activity has not 


been solved. 


a 
D. Role of-Lipoproteins in the (is” + K )-ATPase Activity. 


Recent evidence: indicates that: phospholipids are involved in 
maintaining the full activity of the (Na* + K*)-aTPase and suggest that 
the enzyme is-a-lipoprotein.- The activity of this enzyme is reduced by 
treatment with phospholipases (Skou, 1961; Schatzmann, 1962; Swanson 
and co-workers,-1964).- Swanson: and co-workers attributed this loss of 
aetivity to the removal of phosphorylcholine from lecithin. Emmelot and 
Bos (1965)-found that neuraminidase treatment, which removed the terminal 


o-glycosidic linked sialic acid from a membrane glycoprotein, affected 
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both Me’ '-ATPase (inhibition) Bnd’ ches thas + ee ay TE (inhibition or 
activation). The latter effect depended on the specific activity of the 
(Na* + K')-ATPasa preparation before treatment, ATPase preparations with 
low specific activities being activated and those with high specific 
activities being inhibited by the action of neuraminidase. 

Tanaka and Abood (1964), and Tanaka and Strickland (1965) found 
that deoxycholate solubilization of the (Na? + aero ere derived from 
beef brain, results in a loss of Nat and Kr activity. They could restore 
the activity by the addition of Reaoeciat ae lecithin. The phospho- 
lipid addition had no effect on the Me* ATPase but could stimulate the 
activity with Na’ and res added. Fenster and Copenhaver (1967) carried 
these-studies further and-were able to demonstrate that the activating 
effect obtained from commercial lecithin was due to the presence of 
Prredahatiay] serine.- Also Ohnishi and Kawamura (1964) showed that phos- 
‘phatidyl serine would restore the activity of the (Na* + K")-ATPase in a 


preparation-which-had-been-incubated with phospholipase A. 


+ + 
E.° Role of a Phosphorylated Intermediate in the (Na_+K )-ATPase 
Reaction Sequence. 


The molecular mechanism-by which the hydrolysis of ATP results 
in the active transport of Na and Kt rs still obscure. However, recent 
experimental findings have provided evidence for the involvement of a 
phosphorylated intermediate. In 1960, on studies using Ge labeied ADP 
as a substrate for the membrane ATPase in crab nerve, Skou postulated a 


sequence of events which suggested that a phosphorylated intermediate 
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was involved. This work was then followed by many others, using ATP labeled 
with p>? in the terminal position, to demonstrate the formation of a 
phosphate-bound protein complex during the hydrolysis of ATP by the 

(Na + PajcAteaeee 

In 1963 Charnock and co-workers found that transfer of the 
terminal phosphate of arp>? to a protein component of the preparation was 
enhanced by the presence of Na’, and that upon the subsequent addition of 
a a reduction in the amount of labeling occurred. No enhancement of 
labeling occurred with a alone. By directly studying the rate of break- 
down of the phosphorylated intermediate, in the presence and absence of 
ee Post and co-workers: (1965) showed that Kt increased dephosphorylation 
of the intermediate rather than inhibiting its formation by Na’. Moreover, 
under these conditions more ps was hydrolysed from ATP than in the 
presence of Na* alone. 

The cardiac glycoside ouabain reduced the dephosphorylation of 
the labeled protein produced by the addition of K; however, when conditions 
-were adjusted so that the degree of labeling was sensitive to the Na 
concentration then ouabain also inhibited the Na dependent labeling to 
some extent- (Post and co-workers, 1965;- Rodnight and co-workers, 1966; 
Charnock and co-workers, 1967). These results have been summarized by 
Charnock and Opit (1968) as follows, where E = enzyme. 


+b 
7. 2} arp? Na > pop? + app 


2? ouabain 


rs 
EP? + Ho Efe p+ Pp? 
ouabain 
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In this reaction sequence Na’ is required for the formation of 
the phosphorylated intermediate, and ae is necessary for the breakdown of 
the intermediate. 

In 1965 Hokin and co-workers while studying the phosphorylated 
intermediate compound from brain tissue: found that digestion of the 
protein after previous os incubation released two major radioactive 
peptides. Treatment of these peptides with-hydroxylamine acetate or 
with acyl phosphatase liberated most of the radioactivity from these 
peptides as inorganic phosphate. This observation led these workers to 
suggest that one of the phosphorylated intermediates in the transport 
ATPase is probably an-acyl phosphate. The stability of the intermediate 
at various pH's was also compatible with its being an acyl phosphate 
compound. 

A close relationship between the rates of hydrolysis of acyl 

phosphate and ATP by the transport ATPase of guinea pig kidney cortex 
preparations has-led Bader and co-workers (1966) and Bader and Sen (1966) 
to suggest that- the ic dependent acyl phosphatase activity is the same 
as the a dependent hydrolysis of the phosphorylated intermediate. 
Rendi (1966) showed that by lipid extraction of a (Na? Gs K')-ATPase 
preparation the Kt dephosphorylation step could be separated from the 
Na’ phosphorylation step. Recently the acyl phosphate intermediate in 
brain: microsomal (Na* + K’)-ATPase-has been identified as an L-glutamyl- 
y-phosphate residue (Kahlenberg, Galsworthy and Hokin, 1967). 

Some doubt has been raised as to whether the acyl phosphate 


intermediate exists: (Schoner and co-workers, 1966; Chignell and Titus, 
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1966). Their hypothesis was that hydroxylamine dephosphorylated the 
intermediate by irreversibly combining with the active-site and therefore 
should inactivate the (Na + Rey-Abpaee reaction. However, the ATPase 
reaction could not be inhibited even with high concentrations of hydroxyl- 
amine. 

In 1967 Charnock and co-workers further studied the effects of 
hydroxylamine and demonstrated that it functions as a substitute for Kr 
in the reaction sequence. Also Bader and Broom (1967) found that 
hydroxylamine will inhibit the (Na* + K")-ATPase, if small amounts of 
Gal (1078 M - 10> M) are present. 

Recently Bader and co-workers (1968) examined the possible 
participation of a phosphorylated intermediate in activity of the 
(Nan + K*)-ATPase from six tissues in eleven species and concluded that 


+ 
the intermediate did participate in the mechanism of the (Na + K")-ATPase 


in a similar manner in all cases. 


F. Other Modes oe: Nah Transport. 


All of the studies referred to above deal with a ouabain sensi- 
+; P 
tive active sodium pump which translocates Na from inside the cell out 
when potassium is present in the-external-medium. However, increasing 


+. 
evidence is aceumulating- that Na can be transported by other means. 


i. Hoffman's Three Pump System in Red Blood Cells. In 1966, 


+ 
Hoffman and Kregenow while studying the efflux of Na from red cells 


demonstrated that more than one pathway for this flux exists and postulated 
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the existence of separate pumps. The properties of these pumps have been 
summarized by Hoffman (1966) and are listed below. 
Pump IA--A Nan outflux that is coupled to and dependent upon the 
presence of Kt in the external medium (the classical Nabek pump 
discussed above). It is inhibited by cardiac glycosides and is 
unaffected by the presence or absence of external Na’. 
Pump IB--A Na* outflux that requires the presence of Na’ in the 
external medium. This flux is inhibited by cardiac glycosides 
and is unaffected by the presence or absence of Kt in the 
external medium. 
Pump II--A Na* outflux that like pump IB has an obligatory 
requirement for external Na’, is independent of external ae 
but unlike pump IB is insensitive to cardiac glycosides. This 
flux is inhibited by ethacrynic acid in the presence of maximally 
inhibiting concentrations of cardiac glycosides. 

Pump I, composed of two parts, A and B, is defined as the 
glycoside-sensitive component of Na efflux, and pump II is defined as 
the glycoside-insensitive component of Na’ efflux which is inhibited 
by ethacrynic acid. Both pumps are active in the sense that they 
produce a net uphill movement of Nat against its electrochemical 
gradient. Hoffman excluded the involvement of Na‘ exchange diffusion 
in either pump IB or pump II by showing that the influx of Nae ina 
Na’ medium, is unaffected by cardiac glycosides or ethacrynic acid under 
conditions of marked inhibition of Na* outflux. 


Pumps I and II also differ in their concentration dependencies 
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on the internal and external concentrations of Na’. Both parts of pump I 
depend on ATP for their source of-energy but the energy source for pump II 
is yet unknown and-does not appear to be ATP: During continued incubation 
at 37°C in the absence of substrate pump I is completely inhibited after 
eight hours, correlating with the disappearance of ATP, but pump II is 
still active even after fourteen hours. The efflux of Na* during 
operation of pump II can be accompanied by an influx of KT equal in magni- 
tude, which depends on Na’ in the external medium, is glycoside-insensitive 
but is inhibited by ethacrynic acid. Moreover, the Kt influx shows a lack of 
metabolic dependence similar to that of pump II. Hoffman therefore claims 
that this rat influx is distinguishable from that associated with pump IA. 

The Na’ efflux from frog sartorius muscle is composed of three 
independent and additive components (Mullins and Frumento, 1963; Horowicz, 
1965; Keynes, 1966). One component is strophanthidin and Kr sensitive, 
the second is not blocked by strophanthidin and requires Na* in the 
external solution, while the last and smallest component is described as 
a passive leak. The proportion of the two major components of Na* efflux 
depend on the intracellular Na* concentration. It was found that in fresh 
tissue only a small fraction of the Na* efflux is ouabain sensitive whereas 
in Na’ rich tissues a larger ouabain sensitive component exists (Sjodin 
and Beauge, 1968; Beauge and Sjodin, 1968). 

LeBlanc and Erlij (1969) demonstrated that the Na’ dependent 
Na* efflux in frog muscle can be inhibited by ethacrynic acid and sug- 


ob 
gested that it was related to Hoffman's pump II. However, unlike Na 
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flux in the red blood cell, ethacrynic acid was also able to inhibit the 
Na* influx during the-operation of this~-pump and therefore would indicate 
a Na’=Na‘ exchange reaction to exist.~ Garrahan and Glynn (1967b) have 
also presented evidence for the existence of pump II in red cells but 

they did not study the effects of ethacrynic acid. Moreover, Garrahan 

and Glynn (1965, 1967a)- have shown that ouabain sensitive Na’-Na* exchange 
exists in red cells in the absence of external KT similar to pump IB. 

This exchange process requires Na’ in the external medium for maximum Na’ 


efflux and: requires ATP, but does not cause any appreciable ATP hydrolysis. 


£1. -The-Na*-Cl7 Pump. Another active sodium pump which involves 
the outward movement of Na’ followed by the passive movement of Cl has 
also been identified. This pump has been shown to exist in kidney tubule 
and kidney slices and is believed to be involved with maintaining cell 
volume (Kleinzeller and Knotkova, 1964; Whittembury, 1966; Macknight, 
1968a, 1968b). When metabolism is inhibited in these tissues by anoxia 
and cold, or metabolic inhibitors the tissues swell; upon returning them 
to a normal medium they lose water and ions. This recovery could also 
occur in the presence of ouabain and thus suggested that some mechanism 
other than the Na‘-K* pump was responsible for this recovery (Kleinzeller 
and Knotkova, 1964, 1967). 

Whittembury (1968) describing the New-Gbs pump in kidney cells 
presents evidence- that it results in an active extrusion of Na* followed 
by a concomitant passive efflux of Cl which may be occurring by an 


electrogenic mechanism. This pump is not inhibited by ouabain, does not 
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need K in the extracellular-medium and is inhibited by ethacrynic acid. 
Thus it is distinguishable from the Nat-K* transport or from Hoffman's 
pump I. Some of its properties point te a relationship to Hoffman's pump 
II; however, this Nat=cl=-pump does seem to require energy from ATP 

since it will not operate in-anoxia or when DNP is added. 

Diamond (1962a,b,c, and 1964) has also reported observations 
of electrically neutral-coupled active transport of Na’ and Cl which is 
accompanied by a passive movement of water across the wall of gall bladder. 
This active Na‘-c1" pump possesses a dependence for metabolic energy but 
it differs from the Na’-c1- pump in kidney cells by being inhibited by 
ouabain and a Kr free solution on the serosal side. The K requirement 
for the Na‘-c1> transport in the gall bladder was not associated, however, 
-with a transport-of Kt (Wheeler, 1963). 

Thus- the existence of at least four types of Na’ pumps are 
indicated. -First,-one-which is inhibited by ouabain, requires red 
-externally-and is: probably-involved with maintenance of intracellular 
ion content and-maintains the membrane potential. This is Hoffman's 
pump IA. (Pump IB does not require KT externally and may be a Na’-Na* 
exchange.) The second pump is a Na*-c17 pump which is inhibited by 
ethacrynic acid, is ATP dependent and-controls cell volume. Third, a 
Na‘-cl™ pump which is inhibited by ouabain and requires metabolic energy 
and external Rr: The fourth type is a Na* pump not requiring ATP or 
external wt | but it does require external Na* and is inhibited by eth- 


acrynic acid (Hoffman's pump II). 
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G. Other Membrane ATPases. 

Sinee these other types -of-Na’ pumps exist which may be using 
ATP as- their source-of energy; it seems that-a membrane ATPase with 
properties different. from the classical: (Nat + K*)-ATPase may exist. 
This leads one to-wonder if the Mg '-ATPase-or the ouabain insensitive 
ATPase remaining after-ouabain inhibition of the (Neu + m \-ATPase may 
be somehow involved. In 1967-a report appeared demonstrating the presence 
of another type of ATPase in red cell-membrane which required Na* for 
maximal activation, was sensitive to ouabain and inhibited by Kr 
(Czerwinski-and co-workers, 1967). This enzyme activity could only be 
demonstrated when low-concentrations of ATP (2 x jas’ M) were used. The 
chief differences between this Na’-ATPase and the (Na* “= K*)-ATPase are 
its ability to operate maximally only in the absence of K and in the 
presence of Na’. These: authors believe it operates under the normal 
conditions used to assay (Na* a. K*)-ATPase; however, at high ATP 
eoncentration the pereent contribution by this enzyme becomes trivial 
and is easily masked. A similar enzyme activity in a calf brain membrane 
fraction has been deseribed by Neufeld and Levy (1969). Whether this new 
ATPase activity is another enzyme or a different facet of the (Na* 13 ae 
ATPase and whether the enzyme is part of the same or a different transport 
system has not been resolved. 

Ethacrynic acid has also been shown to inhibit (Nat + K*)-aTPase 
(Duggan and Noll, 1965; Nechay and co-workers, 1967). Ethacrynic acid (107°) 
could inhibit 50% of the (Na* + K*)-ATPase and this inhibition could be in- 


creased to 79% if the enzyme was pre-incubated with the drug for 60 minutes 
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prior to enzyme assay (Duggan and Noll, 1965). Nechay and co-workers 

(1967) also found that the inhibition of the (Na* + K*)-ATPase by ethacrynic 
acid could not be enhanced by ouabain. However, these studies did not 
consider the possible involvement of ethacrynic acid sensitive fa’ pumps 


with a membrane ATPase. 
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CHAPTER II. METHODS AND MATERIALS 


A. Tissue Preparation. 


All the following steps were carried out in the cold (4°C). 
Female New Zealand white rabbits weighing 1.5-2.5 Kg were killed by cervical 
dislocation. The aorta was quickly excised, chilled and rinsed free of 
blood with cold 0.25 M sucrose. The intima-media layer was separated by 
slitting the aorta lengthwise, laying it flat on a piece of sucrose wetted 
tissue paper, and carefully stripping off the inner intima-media muscle 
layers. The tissue from rabbit aorta usually weighed 450-550 mg. The 
tissues from two rabbits were blotted, weighed, cut into small pieces and 


a 5% (w/v) homogenate in 0.25 M sucrose was prepared. 


B. Homogenization. 


i. Glass-Glass and Teflon-Glass Homogenization. For some 


experiments the tissue was homogenized in a Potter-Elvehjem ground glass 
homogenizer of about 17 ml capacity with a clearance of 0.004-0.006 inch 
between pestle and tube. A 10% (w/v) sucrose homogenate of the tissue 
was prepared by 20 strokes of the pestle, which was driven by a a7 250 hh. Ps 
motor at about 1,550 rpm. The tube was then rinsed with 0.25 M sucrose 
and the rinse was added to the homogenate to obtain a final 5% (w/v) 
homogenate. On other occasions a Potter-Elvehjem homogenizer with an 
unground glass tube and teflon pestle of the same specifications as the 
all glass homogenizer was used. However, due to the toughness of the 


tissue it was found necessary to cut the tissue into small pieces before 
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homogenization by this technique. This was accomplished by freezing the 
tissue into a block of 0.25 M sucrose which was mounted on a Leitz-Wetzlar 
freezing microtome, and sectioned at 5 uy. The resulting material was then 
homogenized in the teflon-glass homogenizer with about 25-35 strokes. 

This still did not completely disrupt the tissue and only the material 


which had passed the pestle was decanted off and used. 


ii. VirTis Homogenization. It was shown that the ground glass 
type homogenizer released free Nas (about 0.2 mM) into the medium (Allen, 
1967) and because of the difficulty of using the teflon homogenizer, the 
VirTis "23" homogenizer (The VirTis Co. Inc., Gardener, N.Y.) was used 
for most of the experiments. 

The tissue (about 1 gm) was added to a homogenizing flask of 
5-30 ml capacity along with 10 ml of cold 0.25 M sucrose. This was 
attached to the VirTis and surrounded by an ice-water bath. The tissue 
was homogenized at top speed (23,000 rpm) for one minute, the sides of 
the flask were then rinsed with an additional 5 cc of sucrose solution 
to assure complete homogenization which was then carried out for an 
additional four minutes at top speed. The homogenate was then made up 


to 5% (w/v) by adding additional sucrose solution used to rinse the flask. 


C. Subcellular Fractionation and Membrane Isolation. 
i. Differential Centrifugation. The homogenates were fraction- 
ated according to the scheme shown in Figure 1 and described in detail 


below. Equal portions of the tissue homogenate were transferred into two 
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Total Homogenate 
5% (w/v) 


1,200 xg x 20min 


Pellet Supernatant [s, | 


12,000 x g x I5min 


Pellet Supernatant 


100,000 xg x 60min 


Pali 


Supernatant 


Dialysis 


Supernatant 
Precipitate 


Figure 1. Procedure for isolation of subfractions of aortic 
homogenates by differential centrifugation. 
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15 ml cellulose nitrate tubes and centifuged at 1,200 x g for 20 minutes 
in a clinical centrifuge (International, Model CL), the supernatant 

saved, the sediment resuspended in 0.25 M sucrose, centrifuged against 

the same force, and the two supernatants combined (S,). The pellet was 
called PL (nuclei and cell debris). Sy was then centrifuged at 12,000 x g 
for 15 minutes in a Spinco Model L2 ultracentrifuge fitted with a type 40 
rotor to obtain a pellet. This pellet was resuspended in 0.25 M sucrose 
and recentrifuged at 12,000 x g for 15 minutes to obtain pellet P, (heavy 


mitochondrial fraction) and a combined supernatant S$ S, was then 


2 2 
centrifuged at 100,000 x g for 60 minutes to obtain pellet P, (crude 
microsomes) and supernatant S34 (soluble material). The S34 supernatant 


was then separated from the sucrose by dialysis against de-ionized water. 
The flocculent precipitate (S45) thus formed was washed once and then 
re-dissolved in 5 mM histidine buffer. The various pellets isolated were 
resuspended in de-ionized water if used the same day, or in 5 mM histidine 


buffer pH 7.6 if kept for longer periods of time. 


ii. Density Gradient-Centrifugation. Density gradient centri- 


fugation was used to obtain a membrane microsomal preparation less 
contaminated by mitochondrial material (Figure 2). 10 to 15 ml of 
fraction S54 or a resuspension of pellet P, in 0.25 M sucrose was layered 
on top of a discontinuous density gradient of 1.4 M and 2.0 M sucrose 
and centrifuged for 3-hours at 40,000 rpm in a swinging-bucket type 


SW40 rotor to obtain two layers Py (microsomal membranes) , My (light 


mitochondria) and a pellet Ny (heavy mitochondria and collagen debris). 
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Layered on 
discontinuous sucrose 
gradient 


40,000 rpm 
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Figure 2. Density gradient isolation scheme. (pt. = part) 
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The individual layers (PB, and My) were carefully removed with a Pasteur 
pipet, transferred to centrifuge tubes, and diluted with an additional 
2 volumes- of-de-ionized water. - The gradient tube was then cut about 2 cm 
from the bottom, the pellet (N5) was removed, resuspended in de-ionized 
water and transferred to another centrifuge tube. The tubes containing 
Py? My and Ny were then centrifuged at 100,000 x g for 60 minutes in a 


type 40 rotor to obtain pellets of P_, M. and Np: These pellets were 


1D giooal 0 

then separately resuspended in de-ionized water or 5 mM histidine at 

pH 7.6. For a few experiments 1 ml sodium tetraphenylboron was added 

to 9 ml S, (final concentration of 1 mg NaTPhBo/ml Ss.) prior to isolation 


of Po: All the fractions obtained by the techniques described above were 


kept cold until used. 


iii.- Cell Membrane Isolation. This technique was based on the 
procedure of Rosenthal and co-workers (1965) as modified by Carroll and 
Sereda (1968). 

Solutions: 

1. KCl buffer. The composition and final concentrations are as 
follows: 
45 mM KCl 
30 m™ KHCO , 
2.5 mM histidine HCl 
Adjusted to pH 7.8 by the addition of a small amount of Tris. 
The final volume of the solution was 50 ml. 


2. NaOH 2.5 x 10. N. 
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3 CaCl, 50 mM. 

The tissue was prepared as previously described. 

Glycerol treatment: 
The tissue was placed-in the following glycerol-Krebs mixtures: 
1:9 glycerol-Krebs (w/v) 37°C 2 hrs. 
2:8 glycerol-Krebs (w/v) OfGpek/2chne 
3:7 glycerol-Krebs (w/v) -4°C 1/2 hr. 
To make the glycerol-Krebs solution, the appropriate amount of 
glycerol (1, 2 or 3 gm) was weighed in a previously tared 10 ml 
volumetric flask. The solution was then brought to 10 ml with 
Krebs media (composition in section K). After glycerol treatment 
the tissue was frozen on a block of CO, cut into l-cm pieces, and 
set into frozen blocks with 50 m™ CaCcl,. These blocks were then 
placed in foil, and stored in liquid nitrogen for varying lengths 
of time. 

Tissue sectioning: 

The blocks of tissue were mounted on a Letiz-Wetzlar freezing 
microtome, and sectioned at 5 uw. The resulting material was placed 
in cold 50 mM CaCl. 

Centrifugation and NaOH treatment: 

All centrifugation was carried out in a clinical centrifuge at 
maximum speed (1,200 x g). 
ies The above material was spun and the supernatant decanted. 


2 The pellet was resuspended in 5 ml KCl buffer and centrifuged 


twice. -Each time the supernatant was discarded. 
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3. The pellet was resuspended in buffer, incubated for 1/2 hr 
at 37°C and then cooled in ice water. 

4. The suspension was centrifuged three times, and each time 
the pellet was resuspended in buffer, and allowed to settle 
in ice water before centrifugation. 

5. The above procedure was repeated using de-ionized water 
instead of buffer. 

6. The above procedure was repeated five to six times using 
NaOH instead of water. The volume used was 10 ml. 

7. The residue was suspended in 10 ml of 0.2 mM ATP, mixed 
gently and the total added to 75 ml of de-ionized water. 

8. The suspension was rinsed with double distilled water two 
or three times, each time centrifuging and discarding the 
supernatant. 

9. The pellet was resuspended in double distilled water for 


storage. 


iv.- LiBr-Salt Extraction of Muscle. The method designed for 
isolating the membrane ATPase from cardiac muscle (Potter and co-workers, 
1966) was used. The technique was carried out on both cardiac and aortic 
muscle. In one case 5-10 gm of rabbit ventricles were used and in the 
other 5-7 gm of rabbit aorta prepared as previously described. The 
isolation was carried out in the cold (4°C). 

Solutions: 
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1 mM Tris-HCl, and 

1 mM ethylene diamine tetraacetic acid (EDTA) 

adjusted to pH 6.2, pH 6.8 or pH 7.6. 
er eh These 

In each case the tissue was cut into small pieces with scissors 
and homogenized in a ground glass Potter-Elvehjem apparatus. 
Sufficient Tris buffer (pH 6.2) was used to give a 10% (w/v) homogenate. 
The homogenate was strained through gauze to remove large tissue 
debris, and the pH of the filtrate re-adjusted to 6.8 by the addition 
of 0.2 M Tris solution. 

The homogenate was centrifuged at 1,200 x g for 20 minutes in a 
clinical centrifuge. The supernatant was discarded and the sediment 
resuspended in approximately 100 ml of Tris buffer (pH 6.8) and 
centrifuged again at 1,000 x g for 20 minutes. The supernatant was 
disearded and the pellet resuspended in 1 M LiBr (5 ml of LiBr 
solution per gm wet weight of original tissue). This was allowed 
to stand in the cold for 18 hours. The mixture was then diluted 1:1 
with de-ionized water slightly buffered to pH 7.0 with Tris-HCl. 

The material was then centrifuged at-5,000 x g for 10 minutes (Servall 
eentrifuge and a swinging bucket rotor with 50 ml tubes). The super- 
“natant was disearded and the pellet washed three times by resuspending 
in Tris-buffer pH 7.6 and centrifugation at 5,000 x g for 10 minutes, 
to remove excess lithium salts. Finally the pellet was resuspended 


in 15 ml of de-ionized water. 


(ATdR) bkoe obssosst¥es setmaths . 
8.5 Hq 10 858 Hq» ,S.8 Bq: ete 2 
iaye tapechl 49 ames 
esioseroce djtw escetq Lleme oink gud) Saviewnade:ans eas deat) aE » 
-eutataggs mbleviN-r9290% eemig bavorg:s) at beatasgoned baa 
eeitiian cme! (v\w) SOL se svtg ot beew esw (S.3 Hg) xe1ud etx? aaetok tue 
evest? agial svomex of ssusg siguowit benterie eaw szenegomotl ad? 
moksibbs sri2 td 8.3 03 betevtbs-en ste7tg£t? eds-20 Hq.eds ‘bao 
‘ nnn ae 
s at aejunim OS rot g x OOS, l te begutttonmen sew sisnegomed edt © 
Jnemibees sla bre bebussertb asw ) smn3Snasque edt RAEI i. 
bas (8.3 Hq) tet2ud ety? to smOO8 vlszenixorggs at-bebaeqeuest Fig 
sav jostanisque sdT .esitunta Of sot g x 000,f 3s nbege beguiinamss 
18bI to im-2) s&h Mi mb bsbosqeuans gattog os ban bebsnoed® 
bewolls esw atdT .(sueets Isntgite to adgtew jew mg 7 
£:f betuith ners esw sixuixim eAT .axpvod — =~? ‘bLoa ods a sansa ot “a 
-£9-atxT daiw 0.9 fq of batetiuds g: 


“Lfgvie2) eetunim OL 103 g « 000, ¢+38-begubtynes) 

~teque oT .(eedud Im 0¢ Askw totor redoud gal 
gatbneqeuess yd semks sends bedasw Jaileq ona bi | 
<2osunta Ol 10d g x 000.2 te ye 


pein PAL IY 


oF j* ih 
yar ia _ 


ate 


fis) 


35 


D. Further Separation: of Microsomal Supernatant Material. 


Through the kind assistance and suggestions offered by Dr. A. M. 
Kidwai of the Department of Pharmacology, University of Alberta, the follow- 
ing procedures were employed to further study the nature of the S 3p 


supernatant material. 


i. Isoelectric Focusing. The procedure described by Vesterberg 
and co-workers (1967) was followed. Isoelectric focusing and separation 
of the S 3p supernatant material was carried out at 25°C in a special 
vertical electrolysis column of 110 ml capacity equipped with a cooling 
jacket (LKB-Produkter AB, Stockholm-Bromma, Sweden). 

The electrolysis column was filled with a gradient of sucrose 
and ampholytes (polyamino-polycarboxylic acids with different pI's) 
selected to give a pH gradient between pH 1.0 and 12. Dialyzed S32 
material was- dissolved in 1 ml 5 mM histidine and applied to the top of 
the gradient. The central tube surrounding the anode was filled with a 
50% sucrose solution containing 0.05 ml of concentrated phosphoric acid. 
This prevents acidic proteins and carrier ampholytes from coming into 
contact with the anode (Vesterberg and Svensson, 1966). For prevention 
of contact between the ampholytes and the cathode, 0.05 ml of diethylene- 
triamine was added at the top of the column. 

After focusing for 48 hours with a final potential of about 
600 V, the contents of the column were eluted into 4 ml fractions, after 


which the pH of the fractions was measured with a Fisher Accumet pH 


meter. The amount of protein in the fractions was estimated by measurements 


JareieM ansaanreque LawogorotM to. | 
M.A .10 yd bexvelio eeoltesggua bas sonstelean, <n Ly 
-wollot si3 ,ss1sdiA to (itexeviall ~ygoloosmzsdd 30) 3 acne. 
gee O49 Yo stoaem sit ybute xeddz02 of beyol qa szew eetwbaoorq gar 


beth ovinds satvoann yasunaee 7 
aN > 


j kay oot se! ce ey “tee : 
guadzezeaV vd bedivoasbh etubsserq edT MOORE 


notisaisqse bas gatevoot stxtosiseel. .bswello? an (S90) axadeowres bas ; 
ce 

gnticos s ditw beqqtups qitssqss Im OL1 to amuloo eLexivednniigliga tine Re 

.(asbew? ~smmord-mborioo32 Ah vexduboxtnMl) sedont 

ssoxove jo tnetherg 8 ditw beilha eae nm$oo eteylostoele sft) Re | 
(e'lq tnsretth datwiebtos ot iyxodeoylog-eapametog) eesysodgns bas 

ge? besyistd .Sf bas 0.1 Hq meewied inotbaxg Hq s pvig of beassion 

Yo qod sda of bekiggs bus omtbbietd Me 2 tf at SIN eR: 

s itiw bellti esw sboas siz gukbavorrue sdua- harap, 0g8 tg on Ye 

ebtos olzoriqaoria. betay3meamo2 3o Lm ist gahaeeneey nneioniiael 

ojnt gaimoo most estylosqme seh ere. bens enteszo1q eed 


vy Sawes *. 


[stosqe s at 0°¢S 38 tuo bebixeo sew Iabvotam 3 


Ul 
praia 
¢ 


me ae) 
mobinevexq 10% =. (d00L -sovensve baw aaa fete io Jw dysin0o — 
— eae | 
npaledaes’ to fim 20,0 ,obotiase of? bas . 38 to. 
ro mis 
-smuto> si 20:4  snkmsix 
seine to {st3asjog sei 7 tial 


yest ,anotzonx3 Im ) o3ai b 93909. ; 
yen B gels 8690 oe 
"8 nd sire x r sa eres 


i eras ene fi mf iT | ay 


é 


ie a 


36 


of absorbance at 280 mu with a Beckman DU spectrophotometer. The fractions 
with high absorbance at 280 mu were then dialyzed for 12 hours against 
de-ionized water at 4°C with two changes. These fractions were then 


separated and redissolved in 5 mM histidine pH 7.6 and kept cold until used. 


iis -Ion Exchange Resin Treatment. 


Preparation of cellulose ion exchangers: 
1 gm of DEAE-cellulose (Serva, Gallard-Schlesinger Chem. Corp.) 
or CM-cellulose (Serva) was stirred into 5 ml of de-ionized 
water and allowed to settle-for 45 minutes. The slightly turbid 
supernatant was discarded. The anion exchange resin (DEAE) was 
washed with 5 ml of 0.1N HCl and subsequently washed two times 
with 5 ml of de-ionized water. Washing was carried out by 
suspending the resin and centrifuging it down in a clinical centri- 
fuge. The cation exchange resin (CM) was washed the same way using 
5 ml of 0.1 N NaOH and then de-ionized water. 

Treatment of supernatant material: 
5 ml of S34 supernatant material (0.085 mg protein N/ml) was 
-suspended with each of the ion exchange resin sediments and allowed 
to stand in the cold for 30 minutes with occasional shaking. The 
resin in each case was then centrifuged down and the clear super- 


natant was collected and used for further studies. 


iii. -Sephadex-Gel Filtration. 3 gm Sephadex G-100 (particle 


size 40-120-yu, Pharmacia Ltd.) was allowed to swell in 200 ml hot 
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de-ionized water on a boiling water bath for 5 hours. A 100 ml glass 
column (2.0 cm diameter) with a sintered glass base and fitted with a 
narrow piece of rubber tubing at the outlet was used. The column was 
carefully packed with the swollen slurry avoiding the trapping of air 
bubbles. 500 ml of de-ionized-water was then allowed to flow through 
the column to aid packing. The final dimensions of the column bed were 
zZ.0 em x 19.0" cm. 

The bed was then equilibrated with 200 ml of 5 mM histidine 
buffer pH 7.6. The eluant was drained until the meniscus reached the 
top of the bed and the outlet was closed. Without disturbing the bed 
surface 4 ml of CM-cellulose treated supernatant material was applied 
with a Pasteur pipette. The column outlet was opened to allow draining 
of the sample into the bed. The column was then filled with an addi- 
tional 20 ml of 5 mM histidine eluant and connected to an eluant 
reservoir. 

The elution at a rate of 4 ml/5 minutes was carried out at 4°C. 
Eighteen to twenty 4 ml fractions of the elution were collected with the 
aid of a fraction collector (LKB Radi Rac). The amount of protein in the 
fractions was estimated-by measurements of absorbance at 280 mp with a 
Beckman DU-speectrophotometer. Some of the protein containing fractions 


were then kept for ATPase studies. 


iv.--Lipid Extraction. The method of Folch and co-workers 


(1957) was used-to extract the lipids from the S supernatant material. 


3B 


The S,, material was» suspended and-extracted with chloroform:methanol 
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(2:1 v/v) at room temperature and then washed with 0.2 volumes of de- 
ionized water to remove non-lipid material. The mixture was then centri- 
fuged at 300 x g for 10 minutes in a clinical centrifuge to separate the 
two phases. Most of the upper phase, which consisted of 40% of the total 
volume of the system, was removed by means of a Pasteur pipette. The 
remaining portion of the upper phase was removed in the following manner: 

A solution containing the same solvent composition as the upper phase; viz., 
chloroform:methanol:water (3:48:47 v/v) was prepared and added carefully on 
top of the-lower phase. The upper-phase was then again removed. This 
procedure was repeated twice and the washed lower phase was then freeze- 
dried with the aid of a VirTis freeze-drying apparatus. The combined 

upper phases were concentrated by removing the solvent under reduced 


pressure at room temperature. 


-E, ~-Eleetron Mieroseopic Procedures. 


I am indebted to Dr. R. M. Henderson, Mr. G. Duchon and Mrs. 

M. Podesta of the Department of Pharmacology, University of Alberta, for 
preparing the various subcellular fractions for electron microscopic 
observations by the procedure described below. 

The pellets of material obtained from subcellular fractionation 
were fixed with phosphate buffered glutaraldehyde and kept overnight in 
the cold. The pellets were then washed three to four times in Millonig's 
buffer, and post fixed with 1 ml of 1% osmium tetroxide solution for one 
hour. After a water rinse, the pellets were dehydrated by passage through 


a graded ethanol series and were finally washed in propylene oxide. Epon 
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resin was used for embedding. Thin sections were cut with a diamond knife. 
The sections were mounted on 200 mesh copper grids and after staining with 
lead citrate and uranyl acetate, were examined in a JEM-7A electron micro- 


scope. 


F. Protein Nitrogen Determinations. 
The method of Lowry and co-workers (1951) was used. 
Reagents: 
1.~ SOF Na,CO,. 
2. 2% sodium potassium tartrate. 
3. 4% and 20% NaOH. 
4e 05% CuSO, : 5H,0. 
5. Dilute Folin-Ciocalteau (F-C) reagent was prepared by diluting 
1 volume of: phenol reagent (B.D.H.) with 2 volumes of 
de-ionized water. 
6. Copper reagent was freshly prepared by taking 20 ml of (1), 
1 ml of (2), adding de-ionized water to a volume of 100 ml 
and adding 2 ml of (4). 
7. A standard stock solution of crystalline bovine albumin (Armour) 
of known protein nitrogen content was-used to prepare a series 
of dilute solutions containing 1.6-32 ug protein N/ml. 
Procedure: 
A sample of the cell fraction was dissolved in 1 ml of 20% 


NaOH and diluted to 10 ml. The blank was prepared by mixing 1 ml 


of 4% NaOH with 1 ml de-ionized water. The standards were prepared 
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by mixing 1 ml of protein N standards with 1 ml of 4% NaOH. 

1. To 1 ml of each of the above preparations was added 5 ml of 
copper reagent and the tubes were then incubated at 37°C 
for 30 minutes. 

2. The tubes were agitated with the aid of an omnimixer and 
0.5 ml of F-C reagent was quickly added to each tube. 

3. The color was allowed to develop for 30 minutes and then 
the optical density at 540 mu was measured with the Hitachi 
Perkin-Elmer spectrophotometer (Model 130). A standard 
curve was constructed (Figure 3). 

Calculations: 


mg Protein N/ml of unknown sample 


— bg Protein N/ml value from graph 
100 x volume of unknown sample digested. 


G. -Determination of Inorganic Phosphate (Pde 


For some of the initial work the method of Fiske and SubbaRow 
(1925) was used. Most of the work described involved the method of 
LeCocq and Inesi (1966). The latter method was used the most since it 


was simpler, more sensitive and the color formed was more stable. 


i. Fiske-SubbaRow Method. The reducing agent was prepared by 


thoroughly triturating the following with a mortar and pestle. 
0.2 gm l-amino-w-naphthol-4-sulfonic acid, 
1.2 gm NaHSO,, and 


1.2 gm NaSO,. 
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Figure 3. Standard curve for protein N determination by the 
method of Lowry and co-workers (1951). 
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This powdered mixture was stored in a-dark glass bottle, away from light. 
For use 0.25 gm of this mixture was dissolved in 10 ml of de-ionized water. 
Procedure: 
1. A1ml aliquot of the enzyme-reaction medium was added to 1 ml 
ef cold 15% TCA. 
2. The mixture was then centrifuged at maximum speed in a clinical 
centrifuge and 1 ml of the supernatant was used for P. determin- 
ation. 


3? eleml of 5°N HziSO Lmnl 2,52 (NH) <Mo 


80), 5 . 4H,0 and O2l) mi ot 


7°24 
reducing agent were added to 1 ml of above supernatant. The 
volume was adjusted to 10 ml with addition of de-ionized water. 
The tubes were well mixed and after 10 minutes the optical 
density of the color was read on a Beckman DU spectrophotometer 
at 660 m. 

4, The standard curve (Figure 4) was prepared by substituting 1 ml 
of the enzyme-reaction-medium in the above procedure with 1 ml 


of a standard phosphate solution prepared from a stock solution 


of 10 uM/ml KH,PO,. 


iis Le€oeq and Inesi Method. 
Reagents: 


1. Ammonium-molybdate [(NH,)-Mo_0 . 4H,0], 100 gm, and NH,OH 


46 7 24 4 
(specific gravity 0.90); 10 ml, were dissolved in de-ionized 


-water to make 1 liter. (R-L) 


2. 2.35 gm ammonium vanadate (NH, VO.) were dissolved in 400 ml 
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Figure 4, Standard curve for inorganic phosphate (Pi) 
determination by the method of Fiske SubbaRow (1925). 
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hot de-ionized-water; cooled, and then 6.16 ml HNO , (specific 
gravity 1.42) diluted with 14 ml de-ionized water to make 
1 liter. (R-II) 

3. 150.5 gm TCA were added-to 100 ml R-I and 100 ml R-II, and made 

up to 500 ml with de-ionized water. (R-III) 
Procedure: 

1. 1.5 ml of cold R-III were added to 1.5 ml of enzyme reaction 
medium; this was then cooled on ice. 

2. The solution was centrifuged at top speed in a clinical centri- 
fuge for about three minutes, and 1 ml of the clear supernatant 
was used for P. determination. 

3. 1 ml of this supernatant was made up to 10 ml with de-ionized 
water. -The tube contents were-well mixed and the optical 
density of the color formed was measured at 350 mu on a 
Beckman DU speectrophotometer against a blank of 0.5 ml R-III 
and 9.5 ml de-ionized water. 

4. The standard curve (Figure 5)-was prepared by mixing 1 ml of 
R-III with 1-ml of a known phosphate standard solution and 


following the same steps as with the enzyme sample. 


H. ATPase Assay. 


i. Assay-Media and Procedure. Various assay media were pre- 


pared so that all the chemical-additions and the enzyme preparation 
were in a final-volume of 1.5 ml unless otherwise stated. Each medium 


was made up in a stock solution containing all the chemicals, except the 
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Le Cocq - Inesi 


0 04 0.8 Le 1.6 
moles Pi/m! reaction medium 


Figure 5. Standard curve for inorganic phosphate (Pi) 
determination by the method of LeCocq and Inesi (1966), 
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enzyme and substrate, in a final volume of 18 ml. To 0.9 ml of the 
stock solution 0.1 ml of substrate solution and 0.5 ml of enzyme prepar- 


ation were added to yield the final concentrations listed below. 
Media: 


Medium A was based on the medium used by Bonting (1961), and 


contained 2 mM MgCl 2 mM substrate, 0.1 mM Na,EDTA, + varying 


poe! 2 


concentrations of NaCl and KCl, + 0.1 mM ouabain (Nutritional 


Biochem. Co.), and Tris-HCl buffer at a final pH of 7.5. 


Medium B: Medium A was varied and replaced by medium B which 


contained 4 mM MgCl 4 mM substrate, + 50 mM NaCl, + 2 m KCl, 


De 
+ 0.1 mM ouabain, and 50 mM histidine (Nutritional Biochem. Co.) 


buffer pH 7.6. 


Substrates: 
The following nucleoside phosphates were used: Tris ATP, 
MgATP, and the sodium salts of ATP, ADP, AMP, ITP, GIP, CIP, UTP 


and UMP. All were purchased from the Sigma Biochemical Co. 


Procedure: 
0.5 ml of tissue homogenate or subcellular fraction were added to 
10 ml Erlenmeyer flasks each containing 0.9 ml of assay medium of 
the desired composition for the experiment. ~The flasks were then 
lightly stoppered with a one hole No. 00 rubber stopper. The 
flasks were then placed into a Labline shaker-water bath (Lab- 


line Instruments Co., Melrose Park, I11.), and allowed to warm 
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up at 37°C for 15 minutes. The enzyme reaction was started by adding 
0.1 ml of substrate to each flask at 0.5 minute intervals. The 
flasks were then slowly agitated for 15-minutes. The enzyme reaction 
was then stopped at 0.5 minute intervals in each flask, either by 
addition of 1.5 ml of cold 15% TCA or 1.5 ml of cold -R-III and then 
the flasks were placed on ice and assayed for inorganic phosphate as 
described earlier. Two blanks were also included in this procedure. 
The tissue homogenate or fraction blank contained everything except 
substrate which was replaced by 0.5 ml of de-ionized water. When 
time course experiments were carried out the final volume of the 
enzyme reaction mixture was 4.5 ml and all above additions were 
proportionally-increased (2.7 ml medium, 0.3 ml substrate and 1.5 ml 
fraction). In this type of experiment the reaction was stopped by 
removing 1 ml-of the reaction mixture at different time intervals 


and adding’ to 1-ml of 15% cold TCA or cold R-III. 


iii.- Calculation and Expression of Results. 


The amount of Py in the reaction mixtures with enzyme and the blanks 


was determined as the uM P,/m1 reaction medium. The values in the 


-blanks were then subtracted from each of the experimental values to 


obtain the actual amount of PS hydrolyzed from the substrate. 

This amount of Ps was in a volume of reaction medium which was 1/3 
original enzyme-fraction. By multiplying this Po value by 3 the 
amount of Pi liberated from the substrate by 1 ml of enzyme fraction 


was obtained. 
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3. This value was then divided by the mg of protein nitrogen in 1 ml of 
enzyme fraction (determined as described earlier), to obtain the P. 
liberated/mg protein N. 

4. This value was then divided by the time of reaction in minutes and 
multiplied by 60 to obtain the enzyme specific activity (ESA) as the 


uM P, liberated from the substrate/mg protein nitrogen/hour. 


In general the following formula was used to calculate the ESA. 


ESA (uM.P;. liberated from substrate - blank values) x 12 


(mg protein N/ml fraction) 


5. The activity ratio was calculated as follows. 


(ESA in presence of buffer, Nght plus other ions, 


Activity Ratio = + ouabain) 


(ESA in the presence of buffer and Me’? 
6. The per cent stimulation or inhibition of enzyme activity was the 
(activity-ratio-- 1.0) x 100. 
For example, if the ESA in the presence of Mg’? was 68.0, and 


the ESA in the presence of Me boy Na‘ = Kt was 82.0, then the activity 


82.0 
68.0 


ratio would be = 1.206 and the per-cent stimulation = 20.6. 


I. Other Enzyme Assays. 
i. Succinate Dehydrogenase. Succinate dehydrogenase activity 


was determined by measuring the rate of oxygen consumption, based on the 
method of Opit and Charnock (1965). 
Reaction medium: 


A stock solution was prepared such that when 2.5 ml was 
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diluted to 2.86 ml the following concentrations were obtained. 


20 K,HPO 


ee 


3 MgCl 


mM 
eee 

10 mM glucose 
mM succinic acid (Nutr. Biochem. Co.) 
2 mM ADP (Sigma) 

150 mM sucrose 

15 mM Tris-HCl 


The pH was adjusted to 6.9. 


Measurement of 0, consumption: 


2 


0, utilization was determined with a polarographic membrane 
covered Pt-Ag micro electrode (Beckman), immersed into a glass 
chamber. The contents of the chamber were mixed by rotation of a 
teflon coated bar driven by an external magnetic stirrer. The 
capacity of the chamber with electrode and magnet in it was 2.86 ml. 
The chamber was surrounded by a glass water jacket which was used 
to keep the temperature constant-at 25°C. The electrode was 
polarized at -690 mV. The output from the electrode was coupled to 
a type R-Dynograph recorder with a Beckman Type 9871 coupler. The 
reaction was initiated by the addition of 0.36 ml of subcellular 
fraction suspension in 0.25 M sucrose. Both the reaction medium 
and the fraction suspension were saturated with 19.54% 0, before 


2 


the experiment. 


Calculations and expression of results: 


Since the solubility of a gas in a liquid is directly proportional 
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to the partial pressure of the gas (Henry's Law), it was necessary 
to determine the partial pressure of 0, (Py ) as follows: 


P = total pressure (P)-x % O, in the gas. 


05 2 


P. was determined as follows: 
The barometric pressure (B.P.) in mm Hg was measured on a glass 
Hg barometer and corrected for the vapor pressure of water at 25°C 


), which was taken as 23.76 mm Hg. 
H50 


Therefore Pe = BP. —-V. 


The recorder was calibrated before each experiment by saturating 
the solution in the chamber with known dilutions of 0, (4.08%, 9.792%, 


19.54% 0, in N,, Liquid Carbonic Corp. Ltd.). A standard curve 


D3 
(Figure 6) was compiled which shows that the change in Py) (APo,) was 
05 2 
in a linear relation to the pen deflection. 
The 0, consumption during the reaction was recorded as ic. in 


the reaction chamber. 


APy was then converted to uMoles 05 consumed/2.86 ml as 
2 


follows: 
AN 
02 
AP = —<+ (Henry's Law) Cid 
O K! 
2 
where No = mole fraction of 05 in water, and 
; -5 A he 
K' -= Henry's-Law constant and = 2.3 x 10 gt225°C. 
An 
Since AN, ae (2) 


2 "H50 


where n = moles. 
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40 (Room Air) 


20.7% 0, 
I954% O, 


30 


20 


4.68% O5 


mm Pen deflection 


0 60 I20 180 


Figure 6. Standard calibration curve for O02 uptake measurements. 
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Then by substituting equation (2) into (1) 


AP sop 
0. = 
2 k' xno 
H,0 
and by rearranging: 
AN = APy xK' xn : 


Therefore at 25°C, and assuming the solubility of O05 in this solution 


to be the same as that in water, for a volume of 2.86 ml we have: 


APo, x 2.3 x 10°” x 2.86 
Ano eS _ moles consumed/2.86 ml. 
2 760 x 18 
This was then simplified to: 
uM 05 consumed/2.86 ml = APo, x 4.8085 x Le 


The results were then finally converted to uM 0,A/mg protein N/minute. 


ii. Acetylcholinesterase. A modified procedure of Biggs and 
co-workers (1958) was followed using a constant pH titration apparatus 
(Radiometer; Emdrupvej, Copenhagen). 

Reagents: 
1. KH phthalate stock standard 0.01 M. 
2. Stock titrant 1.0 M NaOH. 
3. Working titrant 0.005 M NaOH. 


4. Substrate 0.40 M acetylcholine bromide. 
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Procedure: 
1.5 ml of homogenate or subcellular fraction suspended in 0.25 M 
sucrose was introduced into the sample chamber. 0.5 ml acetylcholine 
were added to start the reaction. The mixture was stirred at 37°C 
and titrated to a constant pH of 8.0 for five minutes. A standard 
curve was prepared (Figure 7) using dilutions of KH phthalate as 


standard. 


iii. Glucose-6-Phosphatase. The method of Harper (1963) was 


used. 
Solutions: 
Citrate buffer. 
100 mM citric acid 
Adjusted to pH 6.5 with NaOH. 
Substrate: 
90 mM glucose-6-phosphate. 
Adjusted to pH 6.5 with NaOH. 
Stored frozen in 5 ml quantities until used. 
Procedure: 


The subcellular fractions to be tested were suspended in the 
citrate buffer and 1 ml of the suspension was used. After a 15 
minute pre-warming at 37°C the reaction was started by the addition 
of 0.5 ml substrate. After a 15-minute incubation at 37°C the 
reaction was stopped by the addition of 1.5 ml cold R-III. The 


phosphate hydrolyzed was determined by the LeCocq-Inesi method 
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Figure 7. Standard curve for acetylcholinesterase activity. 
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described previously. As with ATPase the enzyme activity was 


expressed as the uM P, liberated from glucose-6-phosphate/mg protein 


si 
N/hour. 


iv. p-Nitrophenyl Phosphatase. The method described by Sachs 
and co-workers (1967) was used. The reaction was started by adding 0.5 ml 
of subcellular fraction to 1 ml of pre-warmed reaction medium. The final 
concentrations in the mixture were as follows: 

10 mM disodium p-nitrophenyl phosphate (Sigma). 

10 mM MgCl... 
50 mM histidine buffer pH 7.6. 
+ KCl (2-20 mM). 


ouabain 1074 M. 


is 


Procedure: 
After 15 minutes incubation at 37°C in a shaking water bath, the 
reaction was stopped by the addition of 1.5 ml cold 10% TCA. The 
protein was centrifuged down with a clinical centrifuge at top speed 
for 5 minutes. One ml of the clear supernatant was then transferred 
to a graduated-tube, 1 ml-of 350 mM Tris was-added to bring the pH 
to 7.8. The mixture was then made up-to 10 ml with de-ionized water 
and the color read on the DU spectrophotometer at 405 mu. Blanks 
and expression of activity followed the same format as described for 
ATPase assay. The activity was expressed as uM p-nitrophenyl 
phosphate: hydrolyzed/mg protein N/hour. A standard curve using 


various concentrations of p-nitrophenol was prepared (Figure 8). 
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Optical density 


Oo. 0.2 O04 
ymoles p-Nitrophenol/mi enzyme reaction medium 


Figure 8. Standard curve for p-Nitrophenyl phosphatase activity. 
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v. Adenylate Kinase. Adenylate kinase activity was studied 
qualitatively by thin layer chromatography-following the procedure below. 
Preparation of chromatoplates: 
A slurry of 82 ml of de-ionized water added to 11 gm Ecteola Resin 
(Macherey, Nagel-and-Co.;  Duren, Germany) was prepared and shaken 
vigorously for two minutes. -The slurry was applied to the carrier 
glass plates (20 cm x-20 cm) on the spreading template with the aid 
of a coating applicator (Desaga; Heidelberg, Germany) adjusted to a 
thickness of 500 u. Chromatoplates were allowed to dry on the 
template at room temperature for-one hour and then activated at 50°C 
for 60 minutes. The chromatoplates were then inserted into chromato- 
graphic chambers containing developing solvent and allowed to develop 
completely. The solvent system consisted of a mixture of tert. 
butanol, formic acid and water in the proportions 10:8:10 by volume. 
The chromatoplates were then dried in a fume hood at room temperature 
for 30 minutes. 

Preparation of samples and application to chromatoplates: 
In order to-test-for-the presence of adenylate kinase advantage was 
taken-of this enzyme's resistance to boiling at pH 1.0 (Dixon and 
Webb, 1964).- This treatment destroyed all other enzymes hydrolyzing 
ATP and ADP-in the tissue, so addition of ADP to such a preparation 
should-result in the formation of ATP and AMP by adenylate kinase. 

The total aortic homogenate and the subcellular fractions were 

suspended in 1 mM Tris-HCl at pH 1.0 and boiled for 10 minutes. The 


suspensions were then cooled and adjusted to pH 8.2 with Tris. A 
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0.5 ml volume of the suspensions were then incubated at 37°C with 1 ml 
of reaction medium. The final composition of the medium was 4 m™ 


MgCl 8 mM ADP, and 50 mM Tris-HCl pH 8.2. The reaction was stopped 


9? 
by adding 1.5 ml of cold TCA. The protein was centrifuged out at top 
speed in a clinical centrifuge and the clear supernatant was collected. 
Controls consisting of ATP, ADP and AMP with and without homogenate 
but always without Mero were also used. 

Using capillary tubes, four drops of the supernatant from each 
sample were applied to the chromatoplates at a distance 2.5 cm 
from the bottom. Each drop was dried with a Master Appliance Corp. 
heat gun, Model MG-201, before the next drop was applied. The 
chromatoplates were then inserted into the developing chambers again 
and allowed to develop in the same solvent for 80 to 90 minutes at 


room temperature. The plates were then dried with a heat gun and 


examined under ultraviolet light. 


vi. -Actomyosin ATPase. The procedure of Mallin (1965) was 
followed for extraction of actomyosin. The aortic homogenates were pre- 
pared in the manner previously described, using the VirTis homogenizer. 
The homogenates were divided into two equal portions and each half was 
then used for subcellular isolation. One-set of fractions acted as com- 
parative controls and were re-suspended in 5 ml of 0.25 M sucrose. The 
experimental set were re-suspended in an equal volume of Weber-Edsall 
solution composed of 0.6 M KCl, 0.04 M NaHCO,,, and 0.01 M Na,CO,. The 


suspensions were then placed into polycarbonate ultracentrifuge tubes, 


; } Wel ) , PS a 
ge 1 al ; t xe 
- ‘ T\e 
| yg 


um { datw O°°E 38 betadvont senda exvew anotansqaue Sf3_ ecto Cais 


Mor \ enw avtbhem od2 Yo moti teoqnon Lenk? edt: smunboa n0139898 Xe 7” 


ee 


beqqose saw notizsex efT 4.8.8 Be lod~ekat: Mm 08 San (SGA var 8 a 


¢ go9 te tv0 beguiitgaes saw atedorg edT.) . ADT: bLoo to leah > 


»besseilfon eaw Iosijanisqua reels sii bas eguttrinso. fsotniis — booq 


stanegomod juodtiw bas datw WA-bas @QA ,9TA To gattebenoo al ~— 2 


++ 
-boaw oels straw gh. wodztw eau 
Vi iOoTt Jastanieque odd. to egotb. xu0d -8odu3 1 yoathiges gata 


oP 
-S eomstelb « 3s Bore hae temordo efs-o3 beliqgs or8w slq 


jxoD sonetiqgA 1retesM a dabw betab saw go7b ee «hot IOd- 


- 


ody nos 
psi bsilqqs eaw goth skeen eAs 9x03 od , f£0s- DM IsboM a 


bos ae _~ 
siege ersdnsdo goiqolevah edi gink beovaenk oats S1sw: aaa 
+f 45 
Zz . 
38 sstiunim OC o3 08 tot Josvioe amsa ony oh’ qolevsb ii : ‘i 
ee ee a — 
m8 sug Jnon 8B AJIW boty nad atsw avanty ‘oat- a 


1 <2 eo 


2 aig i sefotverttu, xebrw bs 


are e : 
bs a ¢ : 


enw (coll) aiileM Io s1aybssexvg sd? 222887 mbaowmosoa- ut 


4 


- 


“Sig ®79w esSanegomod oi3z0s. sAT AROOMHIA SE de nobipatiae-3 92 bi 
i As oe 


-tssiregomo alTxhV eAd gatau: ,hediroash ‘avodvora. senna 
ore 
eow tlad dose bas egottz0q kaon ows nei L oe 


“M02 @f beios enoljos1? to Poet _snokvatoat 3 Leodua sot 


Fs 


as ae 


ent ,eeotmwa M 28.9 $0 Im @ a: bebasge 
: ri Aor 


Iseba-~r9dew io mstoy Leupe os oF 
ihe _* 


7 
2 


qT. iat oe i ay " 
yt! u a9) bm 1g 00Ht6 & 


59 


capped and shaken for 20 hours in~-the cold with a wrist action shaker 
(Burrell Corp.). The tubes-were then centrifuged at the speeds used for 
the particular fractions. The resulting supernatants and pellets were 
then assayed for ATPase activity using the procedure previously described. 
ATPase activity was determined in a reaction medium which contained 4 mM 
Ca, 4 mM ATP, 50 m histidine pH 7.6 plus or minus 425 mM KCl. The ionic 
strength (I) of the medium without KCl was I = 0.074 and for that with 


RCise Tg 1.005% 


J. Nucleic Acid Determinations (DNA and RNA). 

The method of Schmidt and Thannhauser (1945) as modified by 
Fleck and Munro (1962) was used. 

To 5 ml of 5% tissue homogenate or 5 ml of tissue fraction in 
de-ionized water 2.5 ml of cold 2.1 N perchloric acid (PCA) were added. 
This mixture was allowed to stand for 15 minutes, then the precipitate 
was centrifuged down in a clinical centrifuge and subsequently washed 
two times with 2.5 ml of 0.7 N PCA. The PCA was carefully drained off 
and discarded. 

The precipitate was then digested at 37°C in 4 ml 0.3 N KOH for 
20 minutes. After cooling the pH was adjusted to pH 1.0 with 10 N PCA. 
The precipitate was-centrifuged-down and-further washed two times with 
cold 0.5 N PCA. The supernatant fluids were pooled and made up to 100 ml 
with de-ionized water and to a final concentration of 0.1 N PCA. The 
precipitate was saved for the DNA assay. 


The optical density of the supernatant was read at 260 mu on 
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a Beckman DB spectrophotometer against a blank of 0.1 N PCA. A standard 
curve was prepared (Figure 9) with yeast RNA (Sigma type XI) as standard. 
The DNA in the precipitate was determined by the method of 
Cariotti (1952) with the modification of Blobel and Potter (1966). To 
the precipitate were added 2 ml de-ionized water, 1 ml of 0.04% indole 
solution and 1 ml of 2.5 N HCl. The tube was well agitated and placed into 
a boiling water bath for 20 minutes. The tube was kept covered with a 
clean glass marble. After cooling to room temperature the solution was 
extracted three times with 4 ml of chloroform (spectranalyzed, A.C.S.). 
The optical density of the aqueous phase was then read at 490 my 
in a Beckman DB spectrophotometer against a blank prepared in the same way 
with de-ionized water. A standard curve (Figure 10) was prepared using 


calf thymus DNA (Sigma type I) as standard. 


K. Tracer Ion Efflux Measurements. 
: ae 42 
The methods used for studying the efflux of Na and kK were 


those of Daniel and Robinson (1969a,b,c) and are described below. 


i. Media. Two basic media, Krebs-Ringer and K-free Krebs- 
Ringer, were used throughout the experiments. Drugs and inhibitors were 
incorporated when necessary: JLodoacetate (IAA) 10° M, dinitrophenol 
(DNP) 10> M, IAA and DNP both 10> and ouabain 10° M. All media were 


aerated with 95% oxygen and 5% carbon dioxide. 
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Composition of media: 


Krebs-Ringer K-free Krebs-Ringer 
mM/1 mM/1 
NaCl 115.48 120.10 
NaHCO, eLeal 21.91. 
NaH,PO,, 1.16 1.16 
KCl 4.63 oe 
CaCl. 2.47 2.47 
MgSO, 1.16 1.16 
Glucose 49.20 49.20 
22 


Na, obtained from Nuclear Science and Engineering Corp. 
(Pittsburgh, Penna.) as NaCl in 0.5 N HCl, was neutralized and 
diluted with de-ionized water so that 1 ml contained 50 uc. 424 

was received as K,CO, from the Atomic Energy of Canada Limited 
(Ottawa, Canada). This powder was neutralized with 0.1 N HCl and 
diluted further with de-ionized water. The total sodium or potassium 
of the Krebs-Ringer media was adjusted to-allow for the addition of 


228 or 425 to the media. 


ii.- Tissues-Studied. The two types of tissues studied were 
fresh tissues and Na-rich tissues. The dissected aorta from a rabbit 
was slit lengthwise; cut into pieces (0.6 cm x 0.4 cm), and allowed to 
recover in oxygenated Krebs-Ringer solution at 37°C for one hour. These 
tissues were designated as fresh tissues.--Fresh tissues to be used in 


efflux studies were incubated for two hours with pena or trecisutdin tad 
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Krebs-Ringer solution at 37°C. The experimental pieces were incubated a 
further 30 minutes in Pat or a Krebs-Ringer with drugs added. 

Tissues dissected and incubated overnight at 4°C in unoxygenated 
K-free Krebs-Ringer solution were designated as Na-rich tissues. When 
efflux was to be studied, sa was added to the overnight medium. The 
following day, Na-rich tissues to be used for efflux studies were trans- 
ferred into fresh, but still K-free ote media (with drugs included for 
experimental pieces) for 30 minutes at 25°C. Na-rich tissues were not used 


for potassium efflux. 


i1ii.- Experimental Procedures: The-tissue, either fresh or 


Na-Rich, was rinsed one to two seconds in isotonic choline chloride, 
attached to a hollow stainless steel hook which was inserted through a 
rubber cork. This was immediately placed in the first tube of the Krebs- 
Ringer medium for the efflux procedure. Media were aerated through the 
hollow tube. Efflux: from each tissue was followed for 240 minutes; 
transfers to 10 ml fresh medium were made at 2, 4, 6, 8, 10, 15, 30, 45, 
60; 75, 90, 120,-150, 180, and 210 minutes. Some tissues were not 
effluxed but rinsed in isotonic choline chloride, blotted lightly and 
weighed to determine the extent of initial exchange of labeled cation 
with the tissue cation. 

At the end of the experiment, the tissues were blotted lightly, 
weighed and then placed in the oven overnight at 105°C. A dry weight 
was obtained the following day, and the tissues transferred to digestion 


tubes which were placed in a heated sand bath. -0.4 ml concentrated nitric 
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acid and 0.1 ml H,0, (30-35%) were added for a quick digestion of the 
tissue. When only a fine white ash remained, it was dissolved and diluted 
to a 10 ml volume with de-ionized water and counted for a et aaa. ' 
further dilution to 25 ml was necessary for readings on the Eel Flame 
Photometer (Evans Electroselenium) to-measure Na’ and K’ contents. The 
standard curves for Na’ and K’ are presented in Figure 11. A new standard 
curve was prepared for each set of samples analyzed. 
Counting: 
The 10 ml efflux samples and digested tissue samples were counted in 
a Well Type Scintillation Detector (Picker X-Ray Engineering Ltd., 
Canada) in conjunction with an all-transistorized Spectroscaler III. 
All samples were-read for 200,000 counts or 10 minutes, whichever 
came first. A printer system recorded the sample number, count and 
time information. 
For counting aay the Spectroscaler III was set with a lower 
level of 0.423 MeV and a 0.175 MeV window to reach an upper level of 
0.51 MeV. For 42, a recorder (Rostrak ®) and transistorized rate- 
meter- (Model 5812)-were added to the Picker unit. The time over 
which each sample was counted-was recorded automatically on a strip 
chart calibrated in 2-minute intervals. The Spectroscaler III was 
set with a lower level of 1.35 MeV with a 0.300 MeV window to reach 
an upper-level of-1.65 MeV. The decay rate of aay was followed for 
three-weeks- and shown-to be that predicted for pure 42, within the 
error of measurement. The decay factor of 10 minutes = 0.00932 was 
used to-calculate the radioactivity in each sample at a zero time. 
The efflux data obtained were analyzed by a curve peeling technique 


which is described in Chapter V. 
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Figure 11. Standard curves for electrolyte (May and KT) 
determinations. 
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CHAPTER III. ISOLATION AND CHARACTEREZATION OF THE 


SUBCELLULAR FRACTIONS -OF RABBIT AORTA. 


A. Introduction. 

When studying the (Na* as K*)-ATPase in membrane material from 
tissues, contamination with ATPases from other cell organelles should be 
avoided. To obtain membrane preparations from tissues, tissue homogenates 
are fractionated by differential centrifugation. By layering the centri- 
fuged particles onto a sucrose density gradient and centrifuging, a 
separation can be achieved according to size and density of the particles. 

The nature of the various fractions thus obtained can be deter- 
mined by morphological examination and identification of the cell organelles. 
However, since some organelles may have been disrupted into smaller frag- 
ments and rendered unidentifiable, other methods must also be used. The 
distribution of DNA and RNA in particulate fractions may help establish 
the distribution of various cell components. The DNA of the cell is almost 
entirely in the cell nucleus, while a very large part of the RNA is present 
in the ribosomes of the endoplasmic reticulum, some being present also in 
both mitochondria and nucleus. However, in conjunction with morphological 
examination enzyme marker studies have been most useful in characteriz- 
ation of subcellular fractions. Many enzymes are now known to be located 
or bound to specific cell organelles (DeDuve and co-workers, 1962) and are 
used as markers for the presence of these particular components. 


In this study homogenates of the intima-media smooth muscle 
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layers of rabbit aortae were fractionated and characterized. Liver 


homogenates were also studied as a familiar-eontrol tissue. 


B. Results. 

The fractionation procedure presented-in the Methods was 
developed to obtain a membrane ATPase preparation from rabbit aorta with 
minimal eontamination from other cell structures. Since the next chapter 
is devoted to the-distribution and properties-of the ATPase, the results 
in this-section deal with the characterization of the fractions most used 


for-the ATPase studies. 


i. Differential Centrifugation. Table I lists the concentra+ 


tions of protein nitrogen in the various subcellular fractions obtained 
by differential centrifugation of aortic homogenates prepared by two 
different methods. The greatest portion of the protein of aorta was 


present in the 1,200-x-g P, pellet. The remainder of the protein nitrogen 


1 
was distributed among the other fractions. VirTis homogenization, although 
more disruptive, only reduced the amount of material in fraction P, and did 
not reduce-the amount in Po as compared to glass-glass homogenization. 
Since Na’ may be released from the ground glass homogenizer, most of the 
enzyme studies were earried out on VirTis homogenized preparations. 

Table-IiI-lists-the distribution of the nucleic acids (RNA and 
DNA) in the subcellular fractions; Most of the total tissue RNA was found 
in the Pi> Ps and S34 fractions respectively, with-the P, fraction con- 


taining the least. When expressed per mg-protein N, then the Py fraction 
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TABLE I 


Distribution of Total Protein Nitrogen in Different 
Subcellular Fractions of the Aortic Homogenates 
Prepared by Two Different Homogenization 


Techniques. 


mg Protein N/gm Equivalent of Tissue 


Fraction Glass-Glass VirTis 
Total Homogenate 20768 £70.18 20386 2 0,22 
P. 14267 220.26 1565) 2 0.14 
P, 3. dt 0.056 2433 2 0.035 
P, Piet 2707056 1539-7 02072 
S34 2.07 250.051 1.95 £ 0.099 


Values are means + S.E.M. with No.= 5 for the glass-glass 


values and Noe= 6 for the VirTis values. 
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contained the least with fraction P, containing the most. More than one- 


half of the total tissue DNA was localized to the Py fraction with the 


remainder being distributed in the other fractions. The ratios of RNA/DNA 


of the various fractions indicate that DNA was primarily in Py whereas RNA 


was predominant in the more slowly sedimenting fractions. 
Table III lists the distribution of three enzymes which are 
associated with the cell membrane. Acetylcholinesterase activity was 


highest in fraction P, and the 100,000 x g supernatant S This distribu- 


s 3A 


tion was also true for the glucose-6-phosphatase and p-nitrophenyl 
phosphatase activities. The p-nitrophenyl phosphatase activity of P, was 
also stimulated by Kt and this KT stimulation was ouabain sensitive. 

The distribution of mitochondria and fragments thereof was 
determined by measuring succinate dehydrogenase activity by 0, consumption. 
The aortic fractions were found to have very low succinate dehydrogenase 
activity. For comparison, fractions from rabbit liver were prepared in an 
identical manner. The results listed in Table IV indicate that differences 
in the distribution of the mitochondrial enzyme depend on the initial 
homogenization technique employed. Aortic fractions prepared using the 


uptake in fraction P, with 58.72% 


VirTis homogenizer resulted in a high 0 3 


2 


of the total activity. The glass homogenized aortae resulted in fractions 


which contained most of the 0, consumption in P, (50%); however, fraction 


Ps 


P, still contained 32% of the succinate dehydrogenase activity. 


When liver-was homogenized with the VirTis the Py fraction 


contained 51% of the total 0, consumption and P, 34.4% (Table V). Less 


4 


disruptive homogenization of the liver with a teflon-glass homogenizer 
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TABLE V 


0, Uptake of Subcellular Fractions of Liver Prepared by Two 


Different Homogenization Techniques. 


Fraction of 0, Uptake/gm Equivalent of Tissue/minute 
Liver (uM 0, A x 107>) 
St A a Ee So mt a iY AE EEE NO ar a 
VirTis Teflon-Glass 
PH Lok = 19,8 393.62 OG.e 
(14.6%) (34.1%) 
P, zak ae tet29 «3 6J ind 497054 
(34.42%) (60.12) 
Py Doses 625.8 65,5. oraet 
(51.02%) (5.84%) 
TOTAL 1079.3 1126.8 


Values in parentheses represent the per cent of the total 0. 
uptake. Values are the means + S.E.M. with No,= 3 for each 


determination. 
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resulted in the largest mitochondrial enzyme activity in fractions P, 
(60.1%) and P, (34.1%), with a very low activity in fraction P, (5.82). 

In order to further characterize the fractions the various 
pellets obtained were prepared for electron microscopic observation. A 
section of intact intima-media layer of the rabbit aorta (Figure 12) 
shows the type of smooth muscle cells mostly seen. The cells are very 
long and are surrounded by a great deal of collagen and elastic connective 
tissue. The cell membranes bear many pinocytotic vesicles. Inside the 
cells a large nucleus and the myofibrillar material occupy most of the 
space. Mitochondria were few in number but when seen were usually 
located alongside or at the ends of the nucleus. Figure 13 shows a group 
of mitochondria and also some granular endoplasmic reticulum in the aortic 
smooth muscle cell. 

After-homogenization of the arterial smooth muscle some of the 
fractions isolated were also observed with the electron microscope. It 
was difficult to obtain good sections of fraction PL and therefore few 
pictures were taken. In general Figure 14a and 14b show the type of 
material seen. the fraction contained many masses of material which may 
be elastin or myofibrillar material. On some occasions nuclear material 
was seen (Figure 14b) but in general the fraction: contained cell debris 
and much collagen. With the aid of a phase contrast microscope, groups of 
unbroken cells were also seen in fraction Pi: 

Figure 15 is an electron micrograph of the P, fraction. This 


fraction was composed of smaller cell fragments which included vacuolar- 


appearing mitochondria, vesicular material, some rough endoplasmic 
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Figure 12. 


Electron micrograph of 


morte, *.9,0002 


intima-media smooth muscle of rabbit 
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Figure 13. 


Electron micrograph of 


aorta. x 26,000. 


smooth muscle cell from rabbit 
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Figure 14. 


Electron micrographs of the Py fraction from rabbit aorta. 


a x 28,000. b x 8,000. 
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Figure 15. 


Electron micrograph of the Py fraction from rabbit aorta. 
x 24,000. 
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reticulum, and some cell debris in the form of fragments of collagen and 
dense material which could be fragmented nuclear material. When an 


equivalent P, fraction of VirTis homogenized liver was observed the 


2 


fraction was predominantly composed of whole mitochondria. 


The aortic fraction P, or microsomal fraction was composed 


primarily of membranous vesicles of various sizes (Figure 16); some of 
the material was granular and suggested the presence of endoplasmic reticu- 


lum. The P. fraction was also contaminated with collagen fragments and 


other undistinguishable debris. No whole mitochondria were observed in 
this fraction. 


After isolation of fraction P, at 100,000 x g the clear super- 


3 


natant S34 was then placed into a dialysis tube and dialyzed against 


de-ionized water; this resulted in the formation of a flocculent white 


precipitate which was then easily centrifuged down into a pellet S33 


The S33 material was also observed in the electron microscope and appeared 


as a uniform fine network of amorphous material with no definite struc- 


ture (Figure 17). 
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Figure 17. Electron micrograph of the S4 supernatant material from 
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Figure 16. 


Electron micrograph of the P 
x 38,000. 
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fraction from rabbit aorta. 
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This was accompanied by the odd small vesicle which probably was washed 


over from the microsomal P, fraction. 


ii. Sucrose-Density Gradient Centrifugation of the P3 Micro- 
somal Fraction. In order to further separate-the components of the 
microsomal fraction P. of aorta a resuspension of P. in 0.25 M sucrose or 
the Ss, supernatant which-contained the microsomes, was layered on top of a 
discontinuous sucrose gradient (Figure 18). The first gradient used (I) 
of 1.0, 1.2, 1.4, and 1.6 M sucrose layers resulted in two fractions after 
centrifugation at 40,000 rpm for one hour. One fraction was a loose and 
disperse band in the vicinity of the 1.0 M sucrose layer, and the other 
was a pellet at the bottom of the tube. The second gradient used (II, 
Figure 18) of higher sucrose concentration resulted in a separation of 
the P, material into three fractions. One was again a loose band in the 
1.0 M sucrose layer, the second was a loose band in the 1.7 M sucrose 
layer, and the third a small pellet at the bottom of the tube. In order 
to pack the fractions into a closer band the last gradient (III, Figure 
18) of 1.4 and 2.0 M sucrose was used. After centrifuging the S super- 
natant material layered on the top of this gradient two more concentrated 
bands on top of each sucrose layer were obtained, and a small pellet at 
the bottom of the 2.0 M sucrose layer. The three fractions were then 
labelled as Py? My and Ny respectively. 

The protein nitrogen distribution among the density gradient 
fractions was determined and listed in Table VI. Fraction P, was found 


D 
to have p-nitrophenyl phosphatase activity; however, the activities of 
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this enzyme in M) and N. were too low to allow quantitative comparison. 


D 


TABLE VI. Distribution of the Protein Nitrogen in 


the Density Gradient Fractions. 


Fraction mg Protein N/gm equivalent of tissue 
Pa 0.4604 + 0.0055 
My 33/62 G.0079 
Np 0.588 + 0.0554 


Ss. supernatant material from VirTis homogenized aorta was layered on a 


discontinuous sucrose density gradient. Values are the means + S.E.M. 


from 5 experiments. 


0, uptake studies of the density gradient fractions revealed 


that some further separation of the mitochondrial fragments from the 


microsomal material was obtained (Table VII). Most of the 05 was taken 


up by the My fraction and the least was taken up by Pp. Also the amount 
of 0, uptake/mg protein N/minute in the Py fraction was lower than that 
in fraction P, (Table IV) before density gradient separation. Since the 
0, uptake of the aortic fractions were all low, suspensions of Ss. 
from liver were also subjected to the gradient separation. 0, uptake 


studies of the liver density gradient fractions (Table VIII) indicate 


that again most of the uptake was in the My fraction regardless of the 


S 4) 
ALL Ad 
oh: 
e8 | a4 
§ / 7 t] 
uf hy) 
. moe bssgaoo- ovis astinsup sain o3 et 008. bide “al baw dane ver 
5 FUSE 
My ’ ee pa) ~ ~ ree + 
at megortiv atstorwd saz te noksudtyseta- IV SJaAT 


se "ar 
-enoltosxi tastbe1d) yttensd edt 


einer em ee end eee ee oe ; —_ es. — — 
esueeti to tasisviups mg\M olezo0x9 gm ~ “aotszer 
Ss ariy + 7. 
cce0o.0 ¢ b0ca . 0 a? 
+ a y ¢ - we 
eV00.0 + YEE... ay gt 
Mek 
a220,0 = B82 .0 . ~ qt - t 
~— ' 


s oo beisyal asw ej70s box tnegomad etT 7 mor? iakissen: Jassanae 
) es Ak ¥ 
d.2@ t enssm sy sis esuisV .jnstbsig yilensb ssorote evounty 


ne 


ames _ , eanembreqxe © mot? 
a a | . 
Xs be 


beleaves anotsosy? tanetbarg yiteneb edi 6 veatbuta, sinaqu 0 


edt mozt edlnemgsxi Latxybnodsoottm edz to sotvexsqes sedis? ane . 
fetat eaw 0 ont to ta0M «(IIV oldest ts beatardo | esw ntrosae t | “— 
Jnviomea efi oslé a yd. qu noist eaw sessl od? bag fonsoast a! = 
Jed? neds tewol eaw notjonz? qi orls ot oiunta\it ieee wit 
od3 eonke -coljatsqea 2 netbexg areas siored_( ee ‘ 


to anvlemegeva-,Wol Ile orew eno 


# sere Inatherg of3- a - 


TABLE VII 


0, Uptake of Density Gradient Fractions of VirTis 


Homogenized Aorta. 


uM 0, es i07> 
per gm equivalent 
Fraction of tissue/minute per mg protein N/hr 
Ny B24 + 1.53 16.04 + 2.60 
(27.62) 
My donee © U.OL 54242 1 ROL 
(53.62%) 
PD 6.41 = 0.895 13.92 £1.94 
(18.72) 
TOTAL 34.12 
Fractions were obtained by layering S, supernatant 


2 


material on a discontinuous density gradient of 1.4 M 
and 2.0 M sucrose. Values in parentheses represent 


the per cent of the total 0, uptake. Each value is the 


Z 


mean + S.E.M. from 3 different preparations. 
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0, Uptake of Density Gradient Subcellular Fractions of VirTis 


2 


and Teflon-Glass Homogenized Liver. 


Fraction VirTis Teflon-Glass 
Ny focgr £°8.35 16292 ee 
(14.692) (23.882) 
My Be PI |S age a oa Geol 2 ocx 
(65.7%) (60.342) 
Py 105254 £.19.8 10.94 4277 
19.61%) (15.78%) 
TOTAL SSTeLo 69.3 


Fractions were obtained by layering liver S5 supernatant material 
on a discontinuous density gradient of 1.4 M and 2.0 M sucrose. 
Values in parentheses-represent the per cent of the total 0, 
uptake. Each value is the mean + S.E.M. from 2 different prepar- 


ations. 
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homogenization technique employed.- The per cent of the total 0, uptake by 


2 


the Np fraction differed with the homogenization technique. 
Electron micrographs of the density gradient fractions from the 


VirTis homogenized aorta show that fraction P, was composed of small 


D 
vesicular membranes (Figure 19a and 19b) with less contamination by 
collagen fragments and rough endoplasmic reticulum compared to that seen 
in the P, fraction (Figure 16). The My fraction (Figure 19c) was composed 
of material which was more granular in nature and less vesicular. Some of 
the M) material was composed of small chains of ribosomal material; 
however, whole mitochondria were not seen. The Ny fraction was of similar 
appearance to that of the My fraction but it also contained fragments of 
collagen material. 

When the liver density gradient fractions were examined some 
whole mitochondria were also seen. -Most of these mitochondria were found 
in the Np and My fractions (Figure 19d). No mitochondria were seen in the 


liver Py fraction. 


C. Discussion. 

The method of initial homogenization of the intima-media layers 
of smooth muscle from rabbit aorta cannot be varied as much as for other 
tissues and generally a more disruptive method is required. Since the use 
of a VirTis type of homogenization is more disruptive it became more 
difficult to obtain a microsomal membrane preparation with minimal con- 
tamination from other cell components. The use of glass-glass homogenizers 


was less destructive to the mitochondria which were found to be in fraction 
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Figure 19. Electron micrographs of various density gradient fractions. 
a and b, fraction Pp from rabbit aorta; a x 18,000, b x 52,000; 
c, fraction Mp from rabbit aorta x 30,000; d, fraction Mp from 
rabbit liver x 29,500. 
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Po However, the VirTis homogenizer was used for most of the studies on 
ATPase since it has been shown that extra Na* contamination of the fractions 
can arise from the glass-glass homogenizers (Allen, 1967). 

The Py fraction obtained by differential centrifugation of the 
VirTis homogenized aorta contained most of the total protein nitrogen. 
The electron micrographs and the RNA and DNA distributions indicate that 
fraction Py is composed primarily of nuclei and other cell debris. The 
RNA/DNA ratio for purified nuclei from skeletal muscle, liver, thymus and 
spleen have been reported to range from 0.1 to 0.3; however, the ratio 
in the corresponding tissue homogenates was greater than 1.0 (Edelman and 


co-workers, 1965). The RNA/DNA ratio in fraction P, was 0.447, whereas 


z 
the ratio in the other fractions was greater than 1.0. Most of the cell 
debris in fraction Py consisted of fragments of connective tissue and 
collagen. 

The P3 microsomal material was most concentrated with RNA which 


suggests that this fraction contains a lot of the ribosomal material or 


endoplasmic reticulum. The electron micrographs of P, also show many 


3 
granular membrane structures Cede to endoplasmic reticulum. 

The enzymes acetylcholinesterase, glucose-6-phosphatase and 
potassium-activated-p-nitrophenyl phosphatase have: been shown to be 
plasma membrane bound enzymes (DeDuve and co-workers, 1962; Emmelot and 
co-workers, 1964; Coleman and co-workers, 1967; Lansing and co-workers, 
1967) and were used as enzyme markers for the membrane. The distribution 


of the membrane enzymes in the aortic fractions indicated that most of the 


membrane material sedimented in the P, fraction. 
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The potassium-activated-p-nitrophenyl phosphatase activity was 


highest in fraction P, and S34 and also showed a sensitivity to ouabain. 


This enzyme activity has been associated with the membrane (Na* + ae 
ATPase by Albers and co-workers (1965). The distribution of the Ona + Ky 
ATPase in the aortic fractions were also found to be similar; these results 
are presented and discussed in the next chapter. 

The subcellular distribution of mitochondria in the aortic 


fractions was determined by measuring the 0, uptake. The results show 


2 


that most of the mitochondria are:-located in the microsomal Py fraction of 


VirTis homogenized tissue. However, electron microscopy only revealed 


whole mitochondria in fraction Po: This inconsistency led to the assump- 


tion that the homogenization technique must have disrupted mitochondria 
into smaller fragments which then sedimented at the higher gravitational 


forces into the P3 fraction. This was further substantiated by showing 


that less disruptive homogenization techniques increased the amount of 


0, uptake in fraction P. with less 0, uptake from mitochondrial fragments 


in fraction Py: 


By further fractionating the aortic P, fraction, prepared from 


3 
a VirTis homogenate, in-a-sucrose-density gradient, it was possible to 
obtain a microsomal fraction Py which was much less contaminated by mito- 
chondrial fragments. The final gradient used separated the P., fraction 
into three components (Pp» My» and Ny): 

The My fraction seemed to be composed of most of the mito- 
chondrial fragments which had previously been in Py: Fraction Ny contained 


most of the P, contaminating fragments of collagen, elastin and larger 
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mitochondrial fragments. When liver was homogenized by VirTis and 
teflon-glass homogenization the distribution of the mitochondria in the 
density gradient fractions was also similar. However, the amount of 0. 


uptake in ‘fraction N. was greater from the teflon-glass homogenized 


D 
preparations-than from the VirTis homogenized ones. This difference 
indicated that there were more whole mitochondria than fragments in the 
teflon-glass homogenized preparations. Moreover, electron microscopy of 
Ny fractions revealed more whole mitochondria in teflon-glass homogenized 
preparations than in those prepared from VirTis homogenates. 

The Py fraction obtained from aorta which contained most of 
the ATPase and p-nitrophenyl phosphatase activity was therefore much less 
contaminated by mitochondrial fragments than fraction P,. Electron 
microscopy showed a more uniform vesicular membrane material in the Py 
fraction. 

Since this work was started other reports have appeared which 
involve the isolation of microsomal fractions from aortic smooth muscle 
(Whereat, 1966; Portman and co-workers, 1967; Verity and Bevan, 1969). 
However, in these studies glass-glass homogenization was used followed by 
differential centrifugation and in each case mitochondrial fragment 
contamination was not completely eliminated from the microsomal fractions. 
Portman and co-workers (1967) applied their crude microsomal fraction of 
aorta onto a density gradient of 0.32-2.0 M sucrose and were able to 
obtain a light microsomal fraction equilibrating in a layer at about 


0.9 M sucrose. This fraction was found to be composed of many smooth 


surfaced vesicles similar to that of fraction Py reported here. The peak 
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percentages of total phospholipids as sphingomyelin were found in their 
light microsomal gradient fraction. They also had a pellet at the bottom 
of the 2.0 M sucrose layer high in protein but low in phospholipid and 


RNA which contained finely fragmented elastin. 
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CHAPTER IV 


ATPase ACTIVITY OF RABBIT AORTA 
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CHAPTER IV. ATPase ACTIVITY OF RABBIT AORTA 


A. Introduction. 

Few attempts to isolate a ra as + K*)-ATPase from vascular 
smooth muscle have been reported. Some early studies revealed that 
both a So ak and a Coin dependent ATPase activity exist in the homogenate 
of vascular smooth muscle (Krantz and co-workers, 1951; Carr and co- 
workers, 1952, 1953). However, the effects of Na* plus xr or ouabain 
on ATPase activity were not tested. 

In 1961 Bonting and co-workers reported Mg’ '-ATPase activities 
in homogenates of various tissues which were stimulated by the addition 
of Na* plus KS Rabbit aorta was one of the tissues studied and under 
their conditions the Me '-ATPase appeared to be slightly stimulated by 
Na* plus rae 

Recently a more detailed study of the ATPase activity in 
rabbit aorta has been presented by Verity and Bevan (1969), who studied 
various fractions of aortic homogenates prepared by differential 
centrifugation. Most of the Mg’ '-ATPase activity was found in their 
microsomal fraction. However, they were unable to demonstrate Na’ plus 


af stimulation or ouabain sensitivity in this preparation. 


B. Results. 
i. ATPase Activity of Total Homogenate. The ATPase activity 
of rabbit aorta was studied first in a 5% (w/v) homogenate of the 


intima-media smooth muscle prepared by glass-glass homogenization. 
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For ATPase activity the presence of a divalent cation was 
found necessary (Figure 20). Me’? was found to be the best activator 
and Ca’ was found to be about one-half as effective. The rate of ATP 

t+ aa 

hydrolysis in the presence of Mg or Ca was found to be linear up to 
60 minutes and then the rate decreased. Optimal ATPase activity was 

$4 ++ 
obtained with 2 mM Mg’ when the Mg:ATP ratio was 1:1; with 4 mM Mg 
the optimal activity was less dependent on the Mg:ATP ratio, and ratios 
of 2:1 and 1:1 were found equally effective (Figure 21). A broad pH 
optimum at 7.5 and 8.5 was obtained in Tris-HCl buffer for the Hos 


ATPase activity (Figure 22). 


TABLE IX. Effects of Na’ and Kr on the ATPase Activity. 


Sodium Conc. uM P,/mg Protein N/hr 


mM/1 oes Me Scat oR Mets +10 mM K’ 
5 9.02 (9.12) 8.95 8.81 
10 8.79 8.80 8.57 
20 8.60 B 552 8.47 

40 8.30 (8.31) 8.06 (8.10) 8.10 (8.09) 
80 6.85 6.80 6.48 


SS SSS SSS SSS SSS 


Values were obtained from a 5% homogenate preparation. 
Assay Media: 2 m™ fo aie 2 mM Tris-ATP, 0.1 mM EDTA, various concentrations 
of Na* and ra Tris-HCl buffer pH 7.5. Values in parentheses from media 


which included 0.1 mM ouabain. 
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Figure 20. Divalent cation requirement for ATPase activity 
of aortic homogenate. Assay media: 2 mM Tris-—ATP, 
O.1,mM EDTA, 100 mM Tris-HCl buffer, pH 7.5; +* 2 mM 
Mg or t+ 2 m™ Catt, The enzyme activity is ex- 
pressed as u moles of inorganic phosphate hydro- 
lyzed from ATP within the time indicated. 
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Figure 21. The effect of increasing ATP concentration on the 
ATPase activity of rabbit aortic homogenate. . 
Reaction media: 2 mM or 4 mM Mgtt, 0.1 mM EDTA, 
100 mM Tris-HCl buffer, pH 7.5; 0.92 mg protein N 
(homogenate); variable concentrations of Tris—-ATP. 
Enzyme activity is expressed as » moles inorganic 
phosphate hydrolyzed from ATP within the time 
indicated in minutes. 
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The effect of pH upon the ATPase activity of rabbit 
aortic homogenates. Assay media: 2 mM Mgtt, 2 mM 
Tris-ATP, 0.1 mM EDTA, 100 mM Tris-HCl buffer at 
variable pH. 
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Addition of Na or Kt alone or together in different concen- 
trations inhibited the Mg’ -ATPase activity (Table IX). Also ouabain 
at a concentration of 0.1 mM was without effect on the Mg’ '-ATPase 
activity with or without Na* and cs 

Figure 23 shows that Ca could inhibit the Mg’ '-ATPase 
activity and with increasing concentrations of Gar the enzyme activity 
began to approach the level usually observed with Gan: alone. 

Not only could ATP act as a substrate but also ITP, GTP, UTP, 
UMP and AMP were found to be readily hydrolyzed by the total homogenate 
(Figure 24). Hydrolysis of UMP and AMP was complete within 15 minutes. 
Also all three of the available phosphate groups on the nucleoside 
triphosphates were hydrolyzed, therefore implying that dinucleotides 
could also be hydrolyzed. Table X shows the hydrolysis of ATP, ADP and 
AMP and the effects of monovalent cations. None of the activity was 
affected by the addition of Na* plus re nor was this activity sensitive 
to 1 mM ouabain. 

It was found that the glass-glass homogenization technique 
liberated Na* from the glass into the homogenate; therefore different 
techniques to prepare a homogenate or membrane preparation were also 
used. 

When the aortic smooth muscle was homogenized in a teflon- 
glass homogenizer as described in the Methods or by using a VirTis 
homogenizer the homogenates obtained contained Mg’ ‘-ATPase activity. 
However, the enzyme activity could not be stimulated by the addition 


of Na* plus Kt or inhibited by the addition of ouabain. 
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Pi/mg Protein N. 


Mg**2 mM 


ATP 2mM 


Figure 23. 


The effects of cane on the vg **_aTP ase activity 
of rabbit aortic homogenate. Assay media: 2 mM 
Mgtt , 2 mM Tris-ATP, 0.1 mM EDTA, 100 mM Tris- 
HCl buffer, pH 7.6; variable concentrations of 
Catt, Enzyme activity is epxressed as yu moles 
inorganic phosphate hydrolyzed from ATP within 
the time indicated in minutes. 
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2 mM NUCLEOTIDE 
2mM Mgtt 


20 60 120 


Minutes 


Hydrolysis of nucleotides by the homogenate of 
rabbit aorta. Assay media: 2 mM Mg‘™, 2 mM 
nucleotide, 0.1 mM EDTA, and 100 mM Tris-HCl 
buffer, pH 7.5. Enzyme activity expressed as 

u moles inorganic phosphate hydrolyzed from 
nucleotide within the time indicated. An activity 
of 6 is equivalent to the complete hydrolysis of 
the terminal phosphate of the nucleotide. 
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+ 
TABLE X. Effect of Na plus K* and Ouabain on the Hydrolysis 


of Other Adenine Nucleotides. 


uM P , /mg Protein N/hr 


SUBSTRATE Mg’ Mg 4Na'+K” = Mg’ +Na 4K"+0 
ATP 15.60 15.35 15.35 
ADP 10.35 10.25 10.25 
AMP 17.40 17.20 17.25 


Assay Media: 2 mM Nel, 2 mM Tris-ATP, + 5 m™ R, + 20 mM Na’, 
+ 1.0 mM ouabain and 100 mM Tris-HCl buffer pH 7.5. 
Each value is the mean of two determinations obtained from a 5% 


homogenate of rabbit aorta. 
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ii. ATPase Activity in Membrane Preparations of Aorta. 


TABLE XI. ATPase Activity of Aortic Membrane Preparations. 


Membrane Preparation (1) (2) (3) 


mM Wes +1 mM ouabain 


0 - 1.58 1.84 1.216 
20 = 1.82 1.65 1.15 
40 ee 1.64 1.63 1.067 

100 = 1.24 P45 0.833 
20 + 1.78 1.70 134.33 
40 + 1252 1.65 1.067 

100 + 1.36 1.48 0.867 


Membranes were isolated by the method of Carroll and Sereda (1968). 
Assay Media: 2 m™ Mer, 2 mM Tris-ATP, 5 mM ng, varying concentrations of 


+ 
Na , + 1 mM ouabain in-100-mM-Tris-HGl buffer pH 7.5, 


When aortic membranes were isolated by the method of Carroll and 
Sereda (1968) a very low specific ATPase activity was obtained which could 
not be stimulated by the monovalent cations (Table XI). In the presence of 
5 mM aa increasing the concentration of Nat resulted in an inhibition of 
ATPase activity. Ouabain had no effect. 


Table XII shows the ATPase activities of heart and aorta after 
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extraction of the respective homogenates with 1 M LiBr for 18 hours. 
This method was developed for cardiac tissue by Potter and co-workers 
(1966) and was found to work well on rabbit heart. The ATPase of the 
heart preparation was not affected by Na’ or Kt alone but markedly 

: + + + + 
stimulated by the addition of Na. plus K together. This Na plus K 
stimulation could also be completely inhibited by ouabain. When aortic 
homogenates were treated and prepared in the exact same manner no Na* 


of 
plus K stimulation or ouabain inhibition could be observed. 


iii. ATPase Activity of Subcellular Fraction. When VirTis 


homogenized aorta was fractionated by differential centrifugation three 


pellets and a supernatant were obtained (Pi, Po» Pas and §2,). the 


3A 
distribution of Mg -ATPase activity in these fractions are listed in 


Tavle: Sh. 


TABLE XIII. Distribution of Me’ '-ATPase in Aortic 


Subcellular Fractions. 


Homogenate Ps P, P. S34 
% of Total 
Activity 100 Be 20 60 5 
Specific 
Activity (in 1lOsiti.18 06.5920 .17 D7 6021529 — 90,027.08 2.020779 
uM P,/mg 


protein N/hr) 


Assay Media: 2 mM Mg’’, 2 mM ATP, 0.1 mM EDTA, 100 mM Tris-HCl pH 7.5. 
Specific activity values are means + S.E.M. of 4 different preparations. 


Total activity is expressed as “/gm. equivalent of tissue wet weight. 
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Although fraction P, contained most of the total protein N it 


1 
cor = 
contained the least amount of Mg -ATPase activity. Most of the total 


ae 
Mg -ATPase activity emerged in fraction P, and the specific activity 


3 
in this fraction was about ten times that of the original homogenate 
(Table XIII). 
+ “ 

When the Na- plus K dependence or ouabain sensitivity of the 

various fractions were assayed, no significant effects were observed. 
1. 

High concentrations of Na (> 50 mM) significantly inhibited ATPase 
activity in all fractions. The properties of the ATPase activity of the 
fractions were also similar to those found in the complete homogenate with 


a a 
respect to the Mg or Ca activation, pH dependence and nucleotide 


specificity. 


iv. Actomyosin ATPase and Adenylate Kinase Activity of 


Fractions. In order to see how much of the ATPase activity could be due 
to actomyosin ATPase the actomyosin-of the fractions was extracted by 
0.6 M KCl as described-in the Methods. A control extraction was carried 
out with 0.25 M sucrose for comparison. The extract and extracted 
pellets of each fraction were assayed for Mg’ '-ATPase and Ca’ '-ATPase 
activity (Table XIV). To study the stimulation of actomyosin Cal 
ATPase by high ionic strength the ionic strength of the assay media was 
increased by the addition of c. 

Compared to the controls 0.6 M KCl extraction slightly reduced 
the ATPase activities found in the extracted-fractions with the greatest 
reduction occurring in fraction Pi: In both the sucrose and the 0.6 M 


4et 
KCl extracted fractions the ATPase activity in the presence of Mg was 
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grecter than in the presence of Ga". Also high ionic strength stimu- 
lation of the Ca’ ATPase activity in the extracted fractions was not 
observed. 

With the exception of the 0.6MKCl extract of Py> both the 
control and experimental extracts contained only a small percentage of 
the ATPase activity found in the original fraction. The Ca’ ’-ATPase 
activity of the experimental extracts could be stimulated by high ionic 
strength, whereas the Ca‘ '-ATPase activity in the control extracts did 
not have this property. If the Mg’ '-ATPase activities in the 0.6™M KCl 
E represent all the Me’ ‘sensitive actomyosin 


extracts P_E, P,E, and P 


if 2 3 
ATPase which contaminated the original fractions then this activity 
would account for approximately 25-30% of the Mg’ '-ATPase activity in 
Pie 6-7% in Pos and 4% in P. 

ADP was hydrolyzed by the homogenate and by all the fractions 


with the highest activity in fraction P The possibility that adenylate 


3° 
kinase activity followed by ATP splitting accounted for ADP hydrolysis 
was examined. Adenylate kinase assay was carried out using thin layer 
chromatography as described in the Methods. By boiling the fractions at 
pH 1.0 for 30 minutes all the nucleoside phosphatases were denatured and 
none of the fractions showed significant ADP hydrolysis. Figure 25 shows 
that spots for ATP and AMP could be observed on the chromatoplate after 
spotting and chromatographing the medium in which the complete homogenate 
and the subcellular fractions were incubated with ADP. In control 


incubations with ADP alone (no enzyme) and homogenates or fractions alone 


{no substrate), neither ATP nor AMP formation was found. The amount of 
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ADP 16mM Boiled pH | 
Mg** 8 mM 
tris |OOmM pH &2 


Solvent front 


Figure 25. Thin layer chromatogram as visualized under a U.V. 
light. The origin was spotted with aliquots of 
the media in which the boiled fractions were 
incubated in the presence of ADP to test for 
adenylate kinase activity. 
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ATP formation by the preparations was greatest for the complete homogenate 


and PL fraction. A 60 minute incubation showed more ATP formation. 


v. Use of Histidine Buffer Instead of Tris Buffer for ATPase 
Activity. Figure 26 shows that the rate of hydrolysis of the adenine 
nucleotides in the presence of histidine buffer instead of Tris buffer 
was reduced. The ATPase activity was reduced to about one-half, the 
ADPase activity was reduced to one-fifth, and the AMPase activity was 
almost absent. 

+ + + 

Table XV shows the effects of Na plus K on the Mg -ATPase 

activity in the homogenate and subcellular fractions using a histidine 
z + xP J 7 Stats 

buffered assay medium. A 26.2% Na plus K stimulation of the Mg -ATPase 
activity was observed in the total homogenate; however, when the homogen- 


ate was fractionated the resulting Mg’ '-ATPase aetivity in the pellets Pi 


P, and P, was not-stimulated by Na* plus Kr to a significant degree. In 


order to determine at what stage of the subcellular fractionation the 
monovalent cation stimulation was lost the supernatant fractions Si: S54 


and S34 were studied. The Na* plus Ke stimulated activity was found in 


He 
sy and So: After isolation of fraction P3 from S, most of: the Mg -ATPase 


material sedimented-into fraction P,, but this activity was not stimulated 


Si 


by Na* plus-K* addition. The-S supernatant contained very little ATPase 


3A 
activity and was not significantly stimulated by cations. When the super- 


+ 
natant S,, was added back to fraction P, the Na plus a stimulation was 


3A 3 
regained. 
Figure 27 shows that by varying the Na’ and Kr concentration 
optimal stimulation was obtained when Nat was 50 mM and KT 2 mM. Figure 28 
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Figure 26. 
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fraction P 


ta 


HCl, buffer pH 7.6, or 50 mM histidine buffer, pH 


7e0s 


4 mMn 


‘4 mM Mg'',y 


media: 


Values are means from 3 preparations. 
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Figure 27. The effect of variable concentrations of Kt at 
three constant levels of Nat on the ATPase 
activity of rabbit aortic fraction P,. Assay 
media: 4 mM Mg , 4 mM Tris-ATP, 50 mM histidine 
buffer pH 7.6; variable concentrations of Nat 
and K. 
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Figure 28. The effect of pH on the ATPase activity of rabbit 
aortic fraction P, + Sy. Assay media: 4 mM Mgtt 4 mM 
Tris-ATP; + (50 mM Na’ and 2 mM K), 50 mM histidine 
buffer at variable pH. Open circles with Na and 
Kt, closed circles without Na’ and Kt. 
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shows that the ATPase activity reaches an optimal level in the pH range 
¥no~150." -AISO ato pn 7.6 Na’ plus KT stimulation was greatest. 50 mM 
histidine buffer was found to be adequate for the ATPase assay and after 
a 15 minute enzyme reaction incubation which contained enough of fraction 
P, to hydrolyze 2 uM P; from 4 uM of ATP/ml in 15 minutes the pH was 


still the same. Also for most assays the reaction was stopped before 


one-quarter of the terminal phosphate of-ATP was hydrolyzed. 


vi. ATPase-Aetivity of Density Gradient Fractions. Table XVI 


shows- the distribution of the ATPase aetivity of the density gradient 
fractions obtained from both aortic and kidney homogenates prepared in 
the same manner. 73.6% of total ATPase activity from the aortic prepara- 


tions was located in fraction P 23.22 in fraction My and 3.24% in N 


D’ D° 


73-80% of the total ATPase activity from the kidney preparation was in 
Py: The kidney Py fraction also contained the greatest proportion of 
(Na? te K*)-ATPase which was highly stimulated by the addition of Na* and 
ae 

The aortic density gradient-fractions did not show any differ- 
ence in ATPase activity in the presence of Na” plus me Again as with 
the previous fractions some of the 100,000 x g supernatant material was 
necessary for Na* plus Kt stimulated activity to be observed. 


In order to concentrate the §S supernatant material it was 


3A 
dialyzed against cold de-ionized water. This resulted in the formation 
of a flocculent precipitate (S,,) which was easily separated and then 


redissolved in 5 mM histidine buffer pH 7.6. When increasing concentrations 
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TABLE XVI 


Distribution of ATPase in Density Gradient Prepared Fractions. 


uM P, /mg protein N/hr 


Activity 

Fraction ee rian Na+k* Ratio 
Aorta 

Py 165.3 171.4 12037 

M F205 ap begrs 0.981 

Ny Tazo G95 G2953 
Kidney 

Py 20KeL 39353 e923 

My D369k 88.14 1050 

Np 5887 7.10 iW yp LP 


Assay Media: 4 m™ Met 4 mM Tris-ATP, 50 mM histidine buffer, 


Oe feds) ee OU OT Nat and 2 mM en Fractions were 
obtained by layering S, from the respective 
homogenates onto a density gradient and centri- 


fuging as described in the Methods. 
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— 
of 53, material were added to the Py fraction addition of Na plus Kt 
ae ey . + 1h 
stimulated the Mg -ATPase- activity (Figure 29). The best Na plus K 
stimulation was observed when about 2 parts-of the S3p protein mateiral 
was mixed with one part of the Py protein. This combination of S35 to 


PD was- therefore used for the remainder of the ATPase studies. 


vii. Properties of P. + S35 ATPase Activity. As with the 


ATPase activity of fraction P, and the complete homogenate the ATPase 


3 


activity of Py + S B required Mar for activity in an optimal ratio of 


3 
1:2 Mee to ATP at a concentration of 2 mM eachs AT a concentration of 
4 mM Me equal enzyme activity was obtained at ratios of 1:1 and 2:1 

+ + 
Mg :ATP. Therefore for most of the studies a 1:1 ratio of 4 m™ Mg 
and ATP was used so that the increase in ratio with hydrolysis of ATP 
would not lead to a decreased rate-of hydrolysis. 

ae 

Figures 30 and 31 show the effects of-increasing the Na 

P + P + 
concentration at a constant K concentration and increasing K concentra- 
tion at a constant Na* concentration respectively. For optimal monovalent 

+ 
cation stimulation of the Me’ '-ATPase activity a concentration of 2 mM K 
plus 50 mM Na* was required. 

Table XVII shows that not only was ATP hydrolyzed by the 
preparation but also other trinucleotides could act as substrate for the 
Me dependent enzyme. The hydrolysis of ADP and AMP was very low. How- 
ever, only the hydrolysis: of ATP could be significantly stimulated by the 
addition of Na” plus Ru 


Table XVIII shows the effects of Tris-HCl-buffer on the ATPase 
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% stimulation of Mg- ATPase by Nat + K* 


Figure 29. 


Tia 


I 2 5 
Parts of S3s ProteinN to Ipart Po Protein N 


Effects of increasing concentration of S43 material 
on monovalent cation stimulation of mot+2Rrp ase. vA 
stimulation of Mgtt-ATP ase activity in fraction PD 
was assayed with 4 mM Mg, 4 mM Tris-ATP, 50 mM 
histidine buffer, pH 7.6; +* (50 mM Na and 2 m™ my. 


Results from two experiments are plotted. 
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Figure 30. The effect of variable concentrations of Na’ at 
three constant levels of Kt on the ATPase activity 
of rabbit aortic fraction PP. + § 3° Assay media: 
4 mM Mg. , 4 mM Tris-ATP, 5 mM ere tidine buffer, 
pH 7.6; variable concentrations of Nat and Kt. 


Enzyme reaction time - 15 minutes. 
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Figure 31. The effect of variable concentrations of Kt at 
three constant levels of Nat on the ATPase activity 


of rabbit aortic fraction PD + S3p° Conditions same 
as in figure 30. 
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activity of Py + Sap: Addition of increasing amounts of Tris-HCl pH 7.6 
to the assay medium resulted in an increase in the specific activity of 
the enzyme. However, the rate of Me’ '-ATPase activity increased more 
than the same activity in the presence of Na* plus go with a net loss 
in monovalent cation stimulation. When 50 mM Tris-HCl pH 7.6 was used to 
replace histidine buffer an inhibition of the Mg’ -ATPase activity occurred 
with the addition of Na* plus abs Because of the effects of Tris-HCl on 
the enzyme activity the Me’? salt of ATP was used instead of the Tris salt 
in order to obtain better Na’ plus K* stimulation. 

The effects of Cat on the ATPase activity are presented in 
Table XIX. Addition of Gat to the enzyme reaction medium caused an 
inhibition of the ATPase-activity both in the presence and in the absence 
of Na* plus Ki, and decreased the per-cent stimulation by addition of Na* 
plus t | The inhibition of the monovalent cation stimulated portion of 
the activity was significantly greater than the inhibition of the Mg 
activity. Also when Gar was used to replace von” the Ca’ *-ATPase activity 
obtained was not stimulated by the further addition of Na* plus ae 

Table XX compares the effects of Na’ and KT individually and in 
combination on the Mg’ '-ATPase activity. The-slope of the individual lines 
in the inserted figure represent the effects of Na* (B) on the Me’ '-ATPase 
activity in the absence (A,) and in the presence (A,) of “". a’ ions 
significantly stimulated the enzyme in both the presence and absence of ae 
In addition K alone was able to stimulate the enzyme, but to a lesser 
degree, and this stimulation-by Kr appeared to be independent of the 


+ 
presence or absence of Na . 
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The slopes of the Na’ effects do not deviate significantly from 
being parallel, and the extra stimulation observed in the presence of Na’ 
and Kt together was not due to an interaction between the individual 
effects. The effect of Na’ plus a together therefore appears to result 
from addition of the individual effects. 

Table XXI shows that ouabain had no significant effect on the 
Me’ '-ATPase or the stimulation of the Meg’ -ATPase by Na’ or ‘a alone. 

Only a small but signifieant fraction of the Na’ plus Kr stimulated 
activity was inhibited by ouabain. This reduced the Na* plus a stimulated 
activity down to the level of stimulation observed with Na* alone. 

Figure 32 shows the effects of different concentrations of 
ouabain on the Na* plus K stimulated portion of the ATPase. Only about 
20-25% of the stimulation could be inhibited by ouabain in the concentration 


10 M) 


range of i to fie M. Lower concentrations of ouabain (1078 and 10. 
were also tried but no significant inhibition was observed. 

That the ouabain inhibition could be overcome by Ke is shown 
in Table’ XXII. -At a K*- concentration of 10 mM, ouabain inhibition was 
considerably reduced and-20 mM K’ abolished it. 

Ethacrynic acid was found to inhibit the Mg’ '-ATPase activity 
and the monovalent cation stimulated activity (Table XXIII). The 


inhibition of the Na* and of the Na* plus Kt stimulated activities were 


of the same relative magnitudes and greater than the inhibition of the 
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TABLE XXI 


The Effects of Ouabain on the ATPase Activity of Py + Sp: 


Activity Ratio of ATPase Activity 


+ Paired 
Addition Mg Mg + Ouabain t-test 


I RR RR RSA ESS ES A RR ER 


Node 1.000 1.002 P > 0.05 
Na ek” 1. AGL 1.329 = < 0.05 
4. 
Na 1.349 1.351 P > 0.05 
“+b 
K 1.065 1.063 P > 0.05 


Assay Media: 4 mM Mg-ATP, 50 m™ histidine buffer, pH 4 <0 
+ + 
Mice atelier seetaeder Ne Keeerpeatb hen ouabain. 
Values are means from 3 experiments. Activity 
ratio is the Mg + other addition ATPase 


ng tt 
activity/Mg -ATPase activity. 


128 


BS i 


IXX SJaaT a ; ite 7 
‘siimltp oom eey tien, 


-2@ + ,9 to qsivrsoA onetts afl a ntsdau0 to 


vitvitoA sesSTA to ot388 satviaga is an = 
DILG | aa f vere ++ o>. Vie a : 
ta93-3 atsdeau0 +) gM ‘nd. TRIS FES Og 
ee ee . | . . Prt a 
pAT i es 
c0O.0 <2 , $00.f 000.f enot 
. ser? Poaes toga Foe ayy «oh 
: » : ' vee : 
20.0 > 4. ese vl Doar © sh taal co re cs ie 
N co Gs eae P fs = 
a » = * i 2 Pi 
20.0 84 feé.t eae. ait 
‘ ; ‘-4 AA: , % a, a 
20.0 <4 €d0.5  @00.£ ; ioe 
4° a bin Ln Wiley 


eis e! 


20. Hq xretiud entbtserd Mon oe Rie Mn & ‘ 8 ben | 


’ the “att 7 - y ean 7 : : 

sntedsuo Ma 1,0 + ‘ *y Mn ; t “an Mon 08 + x4 wa 

' * S ong be ay peewee S 
y3ivizoA .etasmiteqxs “ moxsi anasm ox8 aoulsV : 2 / 

iy . wit “7 ' b; ay ats, aatt a): 

sesiTA nots tbbs redso +! *T ow odd et of3s2 

+ $3 ao ve ra 52 a ' 

‘watvizos seettA- “sM\eatvison ae oie ; 

as ae = ny! toes 


- We r ate hee ai 


A in Activity jM Pi/mgN/hr 


ZU 


129 


ee | 


pe es 
Na’+K* Na'+ K*+ Ouabain 


10 
5 
0 
| cemmtaeas | 
Figure 32. 


Effect of ouabain on the monovalent cation 
stimulated Mgtt-aTPase activity of rabbit 
aortic fraction Pp + S,,. Assay media: 4 mM 

Se mm Pe 
Mg-ATP, 50 mM Na’, 2 Kt, 50 mM histidine 
buffer, pH 7.6; variable concentrations of 
ouabain in moles. Values are means * S.E.M. 
from four different preparations. 
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TABLE XXII 


+ 
Effect of K on Ouabain Inhibition. 


< Inhibition of Na plud K" 


Stimulation by Ouabain Kr mM/1 
19.15 2 
i rae a0 4 
3.04% 10 
0.00% 20 


Assay Media: 4 m™ Me’ '-ATP, 50 mM Na’, O.1 m™ 
ouabain, 50 mM histidine buffer 
pH 7.6; and varying concentrations 
of ae Values are means from 4 


experiments. 


* Pp < 0.05 when compared to the 2 m™ ral value (Paired 


t-test). 
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TABLE XXIII 


Effect of Ethacrynic Acid on ATPase Activity of Pp and S3p. 


uM P, /mg protein N/hr 


Moos Met oF Na’ Mo. Na'4K 
Control 48.76 65°67 68.75 
as; Se 1 
aah ge age 39.32 48.98 51.40 
Acid 
% Inhibition by 
Ethacrynic 19.4 25.4 25220 


Acid 


Assay media: 4 mM Mg! t-aTP, 50 mM histidine buffer pH 7.6; 
+ + -4 
= 50-m Na . + 2 mM Keg t 5x 10 M ethacrynic 
acid. 


Values are means from two experiments. 
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Mg -ATPase activity. 


viii. Effects of Other Treatments and Agents. Table XXIV shows 


the effects of aging on the ATPase activity. Aging did not increase the 
stimulation by Na* and Na* plus KY, The extra stimulation usually observed 
with Na* plus Kt together was almost completely lost after aging for one 
day at -15°C. The Nay stimulated activity was always less after aging than 
in the fresh preparation, and the specific enzyme activity decreased with 
increasing time of aging. 

In an attempt to increase the sensitivity to ouabain the enzyme 
was allowed to pre-incubate with ouabain at 37°C in the reaction flask 
before the reaction was started by the addition of Mg’ -ATP. This did not 
change the degree of ouabain inhibition. Also pre-incubation in the presence 
of ouabain and Na, ATP for 30 minutes prior to initiation of reaction by 
addition of Meee did not increase ouabain sensitivity. 

Azide was found to inhibit the Mg’ '-ATPase activity more than the 
monovalent cation stimulated activity (Table XXV). This effect of azide 
resulted in an apparent increased per cent stimulation of the Me’ '-ATPase 
by the monovalent cations individually or together. 

Attempts to deplete the fractions of possible K contamination 
did not alter the oe dependence or ouabain sensitivity of the ATPase 


+ 
activity of Py a5 Neither depletion of tissue K by soaking over- 


3B° 


YT; : ‘ : 
night in K free Krebs-Ringer at 5°C prior to homogenization nor washing 


the Py material with a a chelating agent (tetraphenylboron) changed the 
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TABLE XXIV 


Effects of Aging on ATPase Activity. 


uM P , /mg protein N/hr 


Days Aged (1) (2) (3) 1 Pie, 
Met =I Nae a ae 
Fresh 58.39 78.25 83.51 a. 20 
1 47.78 64.26 64.50 0.24 
3 42.16 51.86 51386 0.0 
7 37.48 43.17 43.09 - 0.08 
14 34.35 38.82 30.90 -*0ek6 


Suspensions of Py plus S 3p 


at -15°C for the number of days indicated, and then thawed at 37°C. 


363 


in 5 mM histidine buffer pH 7.6 and kept frozen 


Assay media: 4 mM Me’'-ATP, 50 mM histidine buffer pH 7.6; + 50 mM Na’, 
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TABLE XXV 
Effect of Azide on ATPase Activity of Py + S33: 
uM P, /mg protein N/hr 
+ Ne", : 
+ ay + Na +k’ + ouabain 
62.74 66.36 Sa.20 
41.43 44.43 41.07 
34.44 33.05 34.91 
9 : ates 
% Stimulation of Mg -ATPase 
+ + 
+ + + +Na,K 
+ Na + Na +K ee tata 
30.10 Si.00 30.81 
45.03 56.66 44.82 


+ 0.2 mM Azide 


Assay media: 4 mM Tris-ATP, 4 mM Me", 50 mM histidine buffer pH 7.6; 


Eo S0cmMeNas. 


+ 2 mM rane + 0.1 mM ouabain and + 0.2mM azide. 


Values are means obtained from three preparations. 
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relative stimulation of the Mg -ATPase by Na* or Nat plus Ra 


ix. Studies on the S 3 Material. Table XXVI shows that the 


; ; Be Ce 
increase in the per cent cation stimulation of the Mg -ATPase activity 


of Py with S33 addition was not due to an increase in the hydrolysis of 


++ + + 
ATP in the presence of Mg , Na plus K (P > 0.05) which was the same 


before and after addition of S 33° However, the hydrolysis of ATP in the 


presence of Mc alone was significantly decreased (P < 0.05). The Sap 


material itself contained very little ATPase activity. 


Table XXVII shows that when the S 3, material was extracted 


with a chloroform-methanol mixture most of the active material was found 
in the non-aqueous (lipid) phase of the extract. Also when increasing 


amounts of lecithin were added to Py instead of S 3 a similar effect on 


the Py ATPase activity was observed. Lecithin addition increased the 


per cent stimulation of the Me! *-ATPase activity by decreasing the amount 


of ATP hydrolyzed in the presence of Me alone as did S33° Both the 


S32, material and phospholipid addition, therefore, seemed to convert the 


Me’ '-ATPase activity to a form which also required monovalent cations 
for full aetivity. This property of the S33 material was also found 
to be heat stable; it was not destroyed by heating at 100°C for 30 
minutes. 

Some work was also carried out to characterize further or 
purify the S 3, material. When the S3p material was introduced into an 


electrofocusing apparatus which separates compounds in a pH gradient 


according to their isoelectric points the results in Figure 33 were 
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TABLE XXVII 


Effects of Lipid Extracts of S33 and Lecithin on the 


ao 
Per Cent Na plus Kt Stimulation of the Py ATPase. 


uM P. liberated/15 minutes Pim eet na 


Met? fie Na‘+K’ of Mg-ATPase 

Be Py Control dae 1, 535 upp 

By te aa Pe 1.233 1.529 24.0 
Extract of S33 

PD + Non-aqueous Lipid 1.158 1.531 32.0 
Extract of S3p 

B. Py Control 1.540 1.698 10.2 

Py + 0.5 mg Lecithin 1.510 1./ 238 14.1 

Py + 1.0 mg Lecithin 1.426 1.679 17.8 

Py + 1.5 mg Lecithin 1.369 1.696 24.0 


Assay media: 4 mM Mg-ATP, 50 mM histidine buffer pH 7.6; + 50 m™ Na’, 
+ 2 m™ ae In preparation A all of the lipid extract from 
5 mi of S35 (0.035 mg protein N/ml) was resuspended in 5 ml 


of H,O and 1 ml was mixed with 1 ml of Py (0.0162 mg protein N 


2 
/ml). In preparation B the amount of lecithin was in 1 ml 


of final assay medium. 
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obtained. Two distinct peaks of material were obtained and separated, 
one in the pH range 3.89 to 4.3 (fraction 7 + 8) and another from pH 5.1 
to 5.5 (fraction 10 + 11). The fractions in this area were then collected, 


dialyzed and assayed for their effects on the Py ATPase activity. 


TABLE XXVLIT, PREfectstof Fractions of the S33 Material Obtained 


After Electrofocusing on P_ ATPase. 


aE WE te! 3 D 


ate 
mg protein N/ml added to % Stimulation of P, Mg - 
Py (0.027 mg protein N/ml) ATPase by Nat plus Kt 


Control we Ti 06 
S33 0.049 aa, 1 
Fraction 7 + 8 OROISL IES Sif) 
Fraction 10 + 11 0.0075 LE gral 


Per cent stimulation was calculated as described in the Methods. 

Assay Media: 4 mM Mg-ATP, 50 mM histidine pH 7.6; + 50 m™ Na* + 
2 nM K’. 

Equal volumes of S33 and fractions were mixed with Po» H,0 was 

used for the control. 


Table XXVIII shows that material obtained from fractions 10-11 
possessed-the properties of S33 which were required for Na* plus K 
stimulation of the Py Mg’ '-ATPase. Since this activating material from 
S33 equilibrated in the pH range of 5.1-5.5, the material must be weakly 


acidic with its isoelectric point in this pH range. 
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By treating the S material with anion (DEAE) and cation (CMC) 


3B 


exchange resins the activating material of S3, was found to bind to the 
anion exchange resin DEAE (Table XXEX).- DEAE treatment removed 31.5% of 
the available protein in $3, and CMC removed 62.0%. However, only the 
unbound material remaining after CMC treatment~possessed the essential Na* 
plus Ke activating properties of 833° 
When some of the CMC treated S35 material was passed through a 
sephadex G-100 column a single peak followed by a tail of lower molecular 
weight compounds was obtained (Figure 34). The three fractions composing 
the major portion of the peak (fraction at 24 ml, 28 ml, and 32 ml) were 
tested for their ability to induce the Nat plus a stimulation of Py 
ATPase. Each of the fractions were found to work equally well and yielded 
results not different from those obtained with the CMC treated S33 


material. 


C. Discussion. 

is The-ATPase-Activities'in the Presence of Tris-HCl Buffer. 
When the ATPase activities in 5% homogenates of rabbit aorta were assayed 
in a Tris buffered assay medium significant amounts of Me de activated 
and dane activated ATPase were found. However, unlike other tissue 
homogenates the Me’’-ATPase activity of aortic homogenates could not be 
stimulated by Na’ plus Kt or inhibited by ouabain. The ie dependent 
enzyme had very low substrate specificity and could be generally defined 
as a nucleotide phosphatase activity. If only a small portion of 


(Na? + K*)-ATPase activity actually existed in-this preparation, high 
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TABLE XXIX 
Protein N Distribution of Ion Exchange Resin Treated 


S3R Material and Effect on Py ATPase. 


E S DEAE CMC 
Supernatant Supernatant 


Protein N/ml 0.046 0.086 0.0576 0.0320 


% protein N 


Bound by Resin 31.5% 62.0% 


Per Cent Na* plus Kt Stimulation of Py, Mg-ATPase Activity After Addition of 


1 mi of S32 Preparations to 1 ml of Po Suspensions. 
Control S32 DEAE CMC 
(H,0) Supernatant Supernatant 
ras 1 4 55.892 8.65% 50.827 


S33 material was treated with the ion exchange resins as described in the 


Methods. The resulting unbound material was then used for ATPase assay 


with Po as described in Table XXVIII. 
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nucleotide phosphatase activity from other cell components could have 
easily masked such activity. Also if the homogenate contained sufficient 
We plus ra contamination to stimulate an existing tie a R’)-ATPase fully 
then further addition of these ions could result in the inhibitory effects 
obtained. This would not, however, explain the lack of ouabain inhibition. 

Varying the homogenization technique or attempts at isolation of 
membrane preparations did not reveal (Na* + e’) ATPase activity in aorta, 
although the method for cardiac muscle worked very well for rabbit heart 
muscle. When aortic homogenates were fractionated by differential centri- 
fugation most of the total ATPase activity was in the microsomal P. fraction. 
However, the properties of the ATPase activities of the fractions obtained 
were not unlike those observed in the original homogenate and the presence of 
a (Nat + ATPase activity could not be demonstrated. 

Thus the results obtained using Tris-HCl buffer for ATPase 
assay of aortic homogenates or subcellular fractions were in agreement 
with those recently published by Verity and Bevan (1969), and would tend 
to support their conclusion that aortic smooth muscle does not possess 
the classical (Na’ + K')-ATPase. However, such an assumption is only 
true under the conditions of ATPase isolation and assay used. The possi- 
bility of the (Na™ + K*)-ATPase activity being destroyed or transformed by 
the isolation technique or-masked by the method of ATPase assay must also 


be considered. 


ii. ATPase-Activities in the Presence of Histidine Buffer. In 


1964 Skou reported that the buffer system used can influence the activating 
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effect of Na* on- the (Nat + K')~ATPase and that-the stimulation was higher 
in a histidine buffer than in a Tris-buffer at the-same pH. When aortic 
homogenates were assayed-for-ATPase activity in media containing histidine 
buffer instead of Tris buffer, a-26% stimulation of the Me’ '-ATPase 
activity in the homogenate was obtained by the addition of Na* plus Kr 


together. After isolation of fractions Po and -P,, most of the monovalent 


cation stimulated Mg’ '-ATPase -remained-in the resulting S, supernatant. 


. 


2 was further centrifuged to obtain Py and S349 


almost- all of the Me’’-ATPase activity in Ss, sedimented in the microsomal 


-however, this activity no longer-possessed the monovalent 


However, when fraction-S 


fraction P43 
cation stimulated properties. A faetor remained in the 100,000 x g 
supernatant material which-when added back to fraction Py restored the 
Nat plus-K* stimulation of the Me’ '-ATPase activity in this fraction. 
Optimal stimulation of the Me’ t-ATPase of the P. + S34 mixture was ob- 
tained-in the presence of 50 m™ Na’ and 2 mM K’. 

In Tris- buffer the rates of ATP, ADP-and AMP hydrolysis by PD 
+ 53, mixtures were higher-than in-histidine-buffer of the same concen- 
tration and pH. In histidine buffer the relative rates of hydrolysis of 
each of the adenosine nucleotides also differed more than in Tris. The 
rate of hydrolysis-of ADP in histidine-was-much-lower than that of ATP 
and AMP -hydroiysis-was-almost absent. -Moreever, only the hydrolysis of 
ATP-could-be-stimuiated- by addition of Nat plus -K* in histidine buffer. 

When increasing concentrations of Tris buffer were added to 


monovalent cation stimulated ATPase preparations in histidine two things 


happened. Increasing concentrations of Tris buffer resulted in a gradual 
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loss in the Na* plus Kr stimulated activity with a concomitant increase in 
the Me’ '-ATPase activity. Even small concentrations of Tris associated 
with Tris-ATP could limit the amount of: actual monovalent cation stimulation 
observed in a histidine buffered assay medium. Therefore Mg’ -ATP was used 
to avoid this problem. 

The Tris may be acting as a cation itself and thus activating 
the enzyme in place of Na” and K’, or it may be directly involved in the 
mechanism of enzymatic hydrolysis of ATP. Dayan and Wilson (1964) have 
reported that the presence of Tris can increase alkaline phosphatase 
activity by catalyzing a transphosphorylation of Tris itself which occurs 
at a faster rate than that of the intermediate normally involved. Tris 
could also be interfering with the enzyme reaction by causing a physical 
change in ATPase enzyme, similar to that reported for tryptophanase by 


Gopinathan and De Moss (1968). 


iii. Involvement of Other Enzymes in the ATPase Activity of 


Aortic Fractions. Aortic smooth muscle cells also contain actomyosin 
contractile proteins and since these proteins possess ATPase activities, 
the effect of- their possible contamination of the ATPase activities of the 
aortic fraction were investigated. Actomyosin has been successfully 
isolated by Filo and co-workers (1963) and by Mallin (1966) from vascular 
smooth musele by extraction of homogenates with a high KCl medium. The 
properties of the actomyosin ATPase activity they isolated were similar 

to those of skeletal muscle preparations with the exception that the 


preparations: from vascular smooth muscle contained much lower activities. 
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The actomyosin ATPase activity in the presence of Cieue was stimulated 
by increasing the ionic strength. 

When rabbit aortic fractions were extracted similarly with a 
high KCl medium most of the actomyosin ATPase activity was found to be 
located in the P, fraction. The Ca‘*-ATPase activity extracted from P 


1 
was also stimulated by high ionic strength. The Ca’ '-ATPase activity of 


1 


the extracted fractions or the control fractions always was inhibited by 
high ionic strength. Since the P, fraction contained most of the total 
Mg’ -ATPase activity the amount of possible actomyosin contamination 
was calculated to be less than 5%. 

Since ADP was hydrolyzed by the aortic ATPase preparations 
the possibility existed that the hydrolysis of ADP resulted from the 
formation of ATP and AMP by the action of adenylate kinase. The results 
presented indicate that adenylate kinase activity can be demonstrated 
in the subcellular fractions. Although the amount of ATP formed may have 
been low, it is possible that in the unboiled preparations the kinase 
activity is of greater magnitude. If in such a sequence of reactions the 
adenylate kinase reaction is not the rate limiting step, then the ADP 
hydrolysis should also possess the monovalent cation stimulated and 
ouabain inhibited properties of the ATPase hydrolysis in histidine buffer. 
However, if the adenylate kinase reaction is rate limiting, then the 
stimulation by cations would depend on the amount of substrate available. 
Also in Tris buffer neither the ATPase nor the ADPase is Na’ plus Kt 
dependent so the above argument cannot be used in that situation. There- 


fore the possibility of adenylate kinase participation cannot be ruled out. 
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The possibility of mitochondrial ATPase contamination of the 
aortic ATPase preparation will be discussed when the properties of the 


P_ + S.,, ATPase preparation are considered. 


iv. ATPase Activity of Density Gradient -Fractions and the 


Requirement of Sant Density gradient centrifugation of fraction P3 
resulted in most of the ATPase activity being localized to Py with about 
a 2 to 3 fold increase in specific activity. As indicated in the first 
chapter this separation technique removed some of the fragments of 


mitochondria and other structures which were previously in P To further 


oe 
support that the isolated Py fraction arises mainly from the cell membrane 
kidney cortex homogenized and isolated in the same manner yielded the 
highest (Na? + K*)-ATPase activity in the same fraction. 

The ATPase of density gradient fractions from aorta, like the P. 
fraction, required addition of the 100,000 x g supernatant material in 

+ + + a 

order- to reveal a Na plus K stimulated activity. Maximum Na plus K 


stimulation was reached when two parts of the S 5 protein were mixed with 


3 
one part of Py protein. However, the increase in per cent cation stimu- 
lation by addition of S 3p was not due to an increase in the rate of ATP 
hydrolysis-in the presence of Mion: Na* plus K, but due to less ATP 
hydrolysis in the presence of ene alone. It therefore seems that the 
S3p material converts some of the Me*’-ATPase activity to a form which is 
inactive unless the monovalent cations are also present. 


A similar situation has been reported in cardiac muscle, brain 


and parotid gland (Schwartz and Laseter, 1964). They found a heat stable 
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factor, which they believed to be a basic protein histone, that could 
increase the Na* plus Kt stimulation of their preparations by inhibiting 
the Me’ *-ATPase activity. They aiso showed that their material and 
histones caused the same-effects as those which were observed in aging 
of their fractions. 

The S3, material from vascular smooth muscle was found to be 
heat stable. However, unlike cardiac muscle when the aortic fractions 
were aged an increase in the proportion of cation stimulated enzyme was 
not observed. When aortic S,, material was subjected to electrofocusing 


3B 


and treatment with ion exchange resins, the activating factor in the S35 
material was found to be acidic with its isoelectric point in the range 
of pH 5.1-5.5. The anionic form of the factor was active, since it could 
selectively be bound by anion exchange resin and not by a cation exchange 
resin. The factor isolated by Schwartz and Laseter was a basic protein 
and thus the S33 material probably is not the same as their factor. 
Tanaka and Abood (1964) have reported that addition of lecithin 
to their ATPase preparation increased the (Na’ + K*)-ATPase portion of 
the activity without affecting the Mg*’-ATPase activity. Lecithin 
addition to the aortic Py fraction instead of S35 also resulted in an 
increase in the cation stimulation; however, this effect was obtained 
by decreasing the Me’ -ATPase activity. Also when the S35 material was 
subjected to a lipid extraction the lipid portion of the extract was 
capable of inducing the cation stimulated effect. 


Although the studies on the S,., material presented cannot 


3B 
identify the factor, its properties would indicate that it is a 


e 
i ae 


. @ a) 
a ene 


TA9730' [ AE : s >. 1g voll c : iw 7 ; 
: ‘9 oes ot od be tod: uty e pert 
- 4 * ra a 

; i 4 beri? o rr L[ininmiges 2% aut toile st 

' ’ bs jo,Cnsa Ti VS uty Yiivis an: ao 


! i” " Teh, ee e199174 arte, & ofa3 & - seuvan eenate me 
: at. - 


«anor 202 short o 


~ /- oo _ 7 /_ - —_ % q ‘ he 7 

jreqo 3g, ody nh ennatonlt ha BROCE: 2 bed 
‘a i? 

© - inn 


a 
crm sew Tat fer. 4 otston aad . Letieatia 


~ 
7, . “griedoeka not dstw 56! a 
y ’ 
tniod sats ome IW neon ad o3 bmsct 
. pen 7 ’ > £ a: Pad 
if 4 “ eee shaelhe 
* . a 
@ oie 
Chait? “ad bevs vod od xiaviaoay a 
- vei 7 a 
22 ud baaktoet 207083 Ont | .akeme 
Tree a . 
7 > f s ee! ie ove +4 oe -2 ads sun bs | 
te ge 7 


hy . a 
3 


2 ta ; } Py ieéi peer) booda | Pela D. oXacaT 7 
* oe os ae 
>, 5 + 
LArt ‘ ’ aes mmx ik f oiinyad sah a 
4 . * 
y \ ' ¢ = 4 uy « ; 
= 
sent aebtonat thie 
" 
av 35a2%s elds ,wevewowt ;fos¢alomiie 


i . - ae : 
L392 --e od2 nav oala -Wivisoe oad? aa 

Pal at = oan “ay 

P $91 fixe. a4 lo naArvzr0¢. Bi hop = = soars Rl 


$y ; 
132033 te 


4 
4 a rarere 40 


7 
= - ao 
Howes L: 


149 


non-enzymatic (heat stable) high molecular weight component, possibly a 
lipoprotein. The lipid portion of this complex may be the necessary 
factor and the protein portion supplies it with the physical properties 


demonstrated. 


Vv. Properties of the P..+ S35 ATPase Activity. Most of the 

ATPase properties of the Py ye S35 mixture were similar to those found in 
- “ aoa 

other membrane (Na + K )-ATPase preparations. The aortic Mg -ATPase 
preparation was found to be maximally stimulated when, in the presence 
of 4 mM ATP, the concentration of Na’ was 50 mM, and mae was 2 mM. The 
monovalent cation stimulation was found to be specific for ATP. The 
cation sensitive ATPase activity was inhibited by the presence of cee 

oa ++ 
and when Ca was used to replace Mg no cation stimulation was ob- 
served. However, the ATPase activity was found to differ from the 
classical membrane enzyme in two properties. 

4+ - 

The aortic Mg -ATPase was slightly stimulated by K alone 
and highly stimulated by Na’ alone, but neither of these activities was 
affected by ouabain. When Nat plus Kr were added the enzyme stimulation 
was greater than that with Na’ alone but not significantly different from 
an additive effect of Na’ alone and Kt alone. This extra stimulation 
observed with Na’ plus Kt could, however, be inhibited by ouabain down 
to the level of stimulation observed with Na‘ alone. 

The Na’ stimulation of the Mg’ -ATPase activity could result 


Sa 
from: (1) Contamination of the ATPase preparation by K_ so that its 


activity actually is Na* plus Kt dependent; (2) ATPase activity which 
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was originally Na’ plus Kr dependent, but which was damaged and lost this 
property during isolation; and (3) Existence of a Na stimulated ATPase 
an intact cella.- sift a contamination was the reason, then ouabain should 
have completely inhibited the activity. Ouabain had no effect on the Na* 
stimulation; also treatments intended to remove or reduce potassium 
contamination were unable to abolish the Nat stimulated effect. 

Askari and Fratantoni (1964) while using a preparation of broken 
red cell membrane which contained the classical ATPase, stimulated only by 
the presence of Na’ and Kt together and inhibited by ouabain, were able to 
show that further disruption of these membranes by sonication changed their 
ATPase activity. After such treatment their enzyme preparation could be 
significantly stimulated by Na* or Ke alone and this stimulation was not 
ouabain sensitive. Also when Nat and K were added together an extra 
ouabain sensitive stimulation was obtained. The properties of the ATPase 
in their sonicated membrane preparation was therefore very similar to 
that found in aorta and would suggest that the homogenization and isola- 
tion technique employed resulted in such a change. However, when kidney 
membrane ATPase was homogenized and isolated in the same manner the ATPase 
in a kidney Py fraction was not stimulated much by the addition of Na* 
alone but could show a high stimulation with Nat and a together and 
furthermore ouabain could completely inhibit this stimulation. Also a 
similar Nat stimulated Me’ ’-ATPase and a small (Na* + K*)-ATPase activity 
were found to exist ina pal coc araal preparation of uterine smooth muscle 
prepared by a homogenization procedure using a loosely fitting teflon 
pestle (Daniel and co-workers, 1969). 


The possibility therefore remains that the Na* stimulated 
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Me '-ATPase activity is an enzyme present in undamaged cells. 

The extra stimulation of the Me’ '-ATPase above that seen with 
Na’ alone in aortic preparation was completely inhibited by ouabain. 
Also this ouabain sensitivity was zr dependent and could be overcome by 
increasing the K* concentration in the media. The results obtained 
with ouabain lead to the conclusion that although the extra stimulation 
by Na’ plus Kt appears to be additive, an interaction must have occurred 
resulting in a ie plus fa dependent ouabain sensitive enzyme activity. 


Aging of the aortic Py + 5 enzyme preparation could not 


3B 
increase the amount of (Nat F K")-ATPase activity but actually inhibited 
this portion of the activity after one day at 15°C, leaving only a Na - 
stimulated activity. When Stas was added to the enzyme assay an increase 
in the per cent monovalent cation stimulation was obtained. This was due 

to a preferential inhibition of the Me’ '-ATPase activity by azide. The 
results are similar to those reporting the effects of azide on other 

ee + RejoatPase preparations (Schwartz and Laseter, 1963; Samaha and 
Gergely, 1965). Although azide can act as an inhibitor of mitochondrial 
ATPase (Lindberg, 1961), it also has been reported to stimulate this enzyme 
(Robertson and Boyer, 1955). Therefore it is not certain that the Men 
ATPase inhibition observed was due to mitochondrial contamination. Also 

if it can be assumed from the 0, consumption data that the decrease in 
contamination of fraction Py by mitochondrial fragments also meant removal 
of a proportional amount of mitochondrial Me’ -ATPase, then the contribution 
of the latter ATPase activity to the Py + S33 fraction is probably minimal 


since the per cent cation stimulation in this fraction is not much 
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different from that observed in fraction P, + S33" Ethacrynic acid was 
found to inhibit the activities of both the Mg’ '-ATPase and the activity 
sensitive to monovalent cations. The inhibition of the cation-sensitive 
activity was more marked than that of the Me’ ATPase and consequently 
the enzyme showed a decrease in sensitivity to cations after inhibition 
with ethacrynic acid. Irrespective of the inhibitor or treatment used, 
any decrease in the Na* stimulated activity was invariably accompanied by 
a decrease in the Na* plus K* stimulated, ouabain-sensitive activity. 

In summary a monovalent cation stimulated Mg’ '-ATPase activity 
could be demonstrated in a density gradient isolated microsomal membrane 
fraction of rabbit aorta, provided histidine buffer was used in the assay 
media instead of Tris buffer. Addition of a factor in the 100,000 x g 
supernatant: material was necessary to demonstrate Na’ plus K stimulated 
activity. The greater portion of the monovalent cation stimulated ATPase 
activity was due to a ouabain insensitive-Na™ stimulation of the pe 
ATPase. However, a small part of this activity resembled a ouabain 


sensitive bia” + k VoATPase. 
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CHAPTER V. SODIUM EXCHANGE IN RABBIT AORTA 


A. Introduction. 

Previous studies of the efflux of a and are from rat and 
dog vascular smooth muscle suggest a very high permeability to Na’ in 
this tissue (Garreéhan and co-workers, 1965). These studies showed that 
the efflux of 28 had to be described by at least three exponential 
terms (a three compartment system). The first and fastest phase of 
exchange was shown to be extracellular in origin. The second phase 
was found to have a temperature and ic dependency and a ouabain sensi- 
tivity consistent with an intracellular location. The third phase, 
with the slowest exchange, was assumed to be bound at some undetermined 
site. Along with the efflux studies other work also supports the 
existence of an active Na’-pump in vascular smooth muscle (Barr and 
co-workers, 1962; Vidlakova and Kleinzeller, 1963; Daniel, 1965). 
The evidence thus suggests that active Na’ transport occurs by a 
mechanism similar to that in other tissues and hence that a (Nat — gy 
ATPase exists in this tissue. 

In the smooth muscle of rat uterus the second cellular phase 
of ae efflux was shown to be ouabain sensitive, however a further 
inhibition of efflux from this compartment was observed by ATP deple- 
tion, suggesting the existence of a ouabain insensitive ATP dependent 
Na’-pump (Daniel and co-workers, 1969; Daniel and Robinson, 1969a, b, 
and c). The ATPase activity in this tissue was also found to be 


similar to that reported in the previous chapter for rabbit aorta. 
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Because of this similarity the efflux of tue in rabbit aortic smooth 


muscle was also studied. 


B. Results. 

i. Analysis of Efflux Data. Efflux of aie was plotted as 
the logarithm (log) of the counts per minute (c/m) remaining in the 
tissue against time and then resolved into its exponential components 
by curve peeling, as described in figure 35. Resolving the data by 
such a technique could at best be described by a minimum of three 
exponential components. The limitations and usefulness of such an 
analysis have been discussed by Robertson (1957) and more recently by 
Daniel and Robinson (1969a). 

The curve peeling technique is only valid if the last 
linear portion of the efflux curve represents efflux from a single 
homogeneous compartment. A test for efflux from more than a single 
compartment, involving log-log plots of the rate of efflux (ea) 
against the corresponding c/m of the last few points (2-4 hours) 
has been described (Keynes and Swan, 1959; Persoff, 1960). If the 
slope of such a plot is not equal to one, efflux from more than 
one compartment or the presence of a very slowly exchanging or 
bound fraction is indicated. In aortic strips, presence of a 
bound fraction (D) was shown by extrapolating arithmatic plots of 
the Sie against the corresponding c/m by the method of Dick and 


Lea (1964) (insert of figure 35). 
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Figure 35. Illustration of the method used to analyze 
efflux datay ° efflux of 22Na from fresh aorta. 
Inset shows determination of 'bound' ?2Na from 
plot of logarithmic average of c/min. against 
c/min?. 'Bound' *2Na was then subtracted from 
the original c/min. in the tissue and the 
resultant curve peeled by backward subtraction. 
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This bound fraction (D) was then subtracted from the total 
tissue c/m to obtain a new efflux curve, the last part of which now 
behaved like efflux from a homogeneous compartment. Extrapolation of 
the linear part of this curve to the ordinate (zero time) resulted in 
a slope with a half-time of 52.5 minutes and a rate constant of 
0.0132 oiiek cast The extrapolation at the ordinate (C) showed that 
less than one percent of the total tissue counts was in this compartment. 

The subtraction of this extrapolated line from the remainder 
of the curve yielded a third curve which straightened after 15 minutes. 
The straight part of this curve extrapolated at zero time at about 
3.54% (B) of the initial counts, having a half-time of 16.5 minutes 
and a rate constant of 0.042 ones ty 

By again subtracting this second line from its curve a line 
was drawn with a half-time of 1.8 minutes and a rate constant of 
0.385 bid xin Se This line extrapolated on most occasions at about 
50% less than the remaining initial counts. This discrepancy is 
possibly due to the non-exponential early phase of diffusion (only 
81% of radioactivity behaves exponentially), as well as limited 
diffusion of Nat associated with mucopolysaccharides and collagen 
present in aortae (Headings and co-workers, 1960). 

The efflux of Na’ from the fast cellular fraction was assumed 
to be in series with the efflux from the extracellular fluid. In such 
a situation extrapolation of the second compartment of efflux to zero 
time leads to an over-estimation of this fraction, as has been pointed 


out by Huxley (1960). Huxley proposed a method of calculation for the 
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series case which was applied to the data presented here. The corrected 
values for the Na’ in the fast phase (A) and first cellular phase (B) 
were then referred to as A corr. and B corr. respectively. 

tiv, Bffiux of mee from Fresh Rabbit Aortae. The amount of 
Nae in the fast phase (A corr.) for control fresh tissue was calculated 
to be 76.9 m Eq Na’ /kg wet weight. Assuming an extracellular space 
equal to an inulin space of 62.06% of wet weight (Bevan, 1960) for 
rabbit aorta, the concentration of Na’ in this compartment was found 
to be 123.97 + 3.74 m Eq/1 and close to that in the normal Krebs- 
Ringer medium (138.55 m Eq/1). 

Figures 36 and 37 compare the efflux of ae from fresh 
aortae in the presence of 10°? M ouabain, or ee M of both IAA and 
DNP, or the absence of ce: or cooling to 5°C to that from control 
aortae. The analyses of these curves are summarized in Table XXX. 

Assuming that ig M ouabain or efflux into K'-free media 
inhibited the transport ATPase, inhibition of the enzyme only slightly 
reduced the efflux from the fastest cellular compartment. However 
IAA and DNP markedly inhibited the efflux from the fastest cellular 
compartment, reduced the amount of Na’ emerging from this compartment 
(B corr.), and increased the amount in the slower phase (C). The 
effects of IAA and DNP when added alone were more variable, and 
generally either of these agents inhibited efflux less than when in 
combination. Cooling to 5°C inhibited oot efflux much more than 


inhibition of metabolism or transport ATPase. At 5°C most of the 
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Figure 36. Efflux of ie at 25°C from fresh arotae loaded 
with ~ Wa fore, hours at 37°C. Typical data for 
control tissue and for tissues treated with 107 3 
M IAA + DNP and 107 °M ouabain. 
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FRESH AORTAE 


MPeamgrs 4. Pop 9 SC 
© Kt-FREE 
CONTROL 
| 2 hours =" & 


Efflux of ?2Na from fresh aortae loaded with 
22Na for 2 hours at 37°C. Typical data for 
control tissue and tissue in Kt-free Krebs- 


Ringer solution at 25°C and in Krebs-Ringer 
solution at 5°C. 
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cellular Na’ appeared to be in the bound fraction (D). 


iii. The Effect of Various Procedures on Net Ion Movement 
in Fresh Rabbit Aortae. The water content of fresh aortae, incubated 
at 37°C for two hours, averaged 702.7 gm/kg wet weight (Table XXXI). 
On incubation in Krebs-Ringer solution at 25°C it rose slightly to 
753.4 gm/kg wet weight. The Nat content rose from 84.3 to a mean of 
103.9 m Eq/kg wet weight, and this was accompanied by a decrease in 
the KT content from 27.2 to 17.9 m Eq/kg wet weight. 

Incubation of fresh rabbit aortae at 25°C in the presence 
of ouabain or IAA and DNP alone or together always resulted in a 
further gain of Na’ and loss of rah with the greatest change occurring 
in the presence of both IAA and DNP. A significant gain in water 
content was only found after incubation in IAA and DNP. Incubation in 
K'-free Krebs-Ringer at 25°C or Krebs-Ringer at 5°C also caused net 


downhill ion movements and water gain. 


iv. Efflux of ae from Na‘-Rich Rabbit Aortae. Figures 
38 and 39 show the efflux curves of aon from rabbit aortae made Na’- 
rich by incubation overnight in K'-free Krebs-Ringer solution at 5°C. 
The curves were analyzed as described for the fresh tissues and 
summarized in Table XXXII. 

As found with fresh aortae, assuming that the extracellular 
space is equal to an inulin space of 62.06% of the wet weight (Bevan, 


; ; oe 
1960), the concentration of Na in the fastest compartment (A corr.) 
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TABLE XXXI 
Effects of Various Inhibitors on Ion and Water 


Content in Fresh Rabbit Aortae. 


Treatment Time No. mEq/kg Wet Weight gm/kg Wet Weight 
Hours we a HO 

Control 37°C 2 7 Gee eg) 275491 .+ 148 702.74 6.5 

Control 25°C 4 Pee 56441 | 17.974 329 eo aCe 

10° -M IAA 25°C 4 Pelli, S15.0 137624 6.1 764.5 4 B23 

10 -M DNP 25°C : Perris. 95 26.0 15.424 73 958.6 + 5.2 
=3 

LOM ces ae b \wiTh6 f78v2 5.23 + 1.0 769.7 + 3.9 
=i 

eM pre 4 e 11s  N.7 708ml. 752.82 4.2 

Kt-Free 25°C 4 a 1165 BLD A GSM 0.11 Feose re E65 

Control 5°C 4 2  18@normei 453 13 41.5 777. 15.1 


Values are means + S.E.M. for the No. of determinations listed. 
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Figure 38. Efflux of 22Na at 25°C from tissues made Nat- 
rich and loaded with 2*Na overnight at 5°C. 


Typical data for control tissue and 


L for tissues 
treated with 10 *M IAA + DNP and 10 


~ 3M ouabain. 
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Figure 39. Efflux of ey 


3 from tissues made Naetri ck and 
loaded with 


Na overnight at 5°C. Typical data 
for control tissue and tissues in K'-free Krebs- 


Ringer solution at 25°C and in Krebs-Ringer 
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was calculated to be 145.95 m Eq/1 and close to that in the K*-free 
Krebs-Ringer solution used to make the tissue Na'-rich (143.17 m Eq/1). 

The rate (K,) and the total amount of 2s efflux (B corr. 

x Ky) from the fast cellular compartment was much greater than that 
observed in fresh tissues. The amount of Na’ in compartments B corr. 
and C were increased in Nagar ck tissues; however the bound fraction 
(D) was small or negligible. 

In contrast to fresh tissues, ouabain greatly inhibited the 
total efflux of Na’ from the fast cellular compartment of Na’-rich 
tissues by inhibiting the rate (K,) and the amount of Na’ efflux from 
this compartment (B corr.). Efflux into K'-free Krebs-Ringer solution 
decreased K, to the same extent as ouabain, this was also accompanied 
by an increase in the Na’ in compartment C and the bound fraction (D). 

The metabolic inhibitors IAA and DNP when added together 
caused a decrease in the rate K, and an increase in K, and C. IAA or 
DNP were less effective when added alone, and primarily decreased rate 
K3 and increased the concentration of was in compartment C. The effect 
of efflux at 5°C was marked inhibition of efflux from all cellular 


compartments associated with a large bound fraction (D). 


v. Effect of Various Procedures on Net Ion Movement in 
Na‘ -Rich Rabbit Aortae. Incubation of Na‘-rich aortae at 25°C in Krebs- 
Ringer solution caused a net loss of Na’ and tissue water, and a gain of 
at (Table XXXIII). Recovery of the ion content to the level found in 


fresh tissue at 25°C, took 2 to 3 hours. Presence of the metabolic 
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EA DIGR xOoONe. 
Effects of Various Inhibitors on Ion and Water 


Content in Wa 2B ch Rabbit Aortae. 


Treatment Time No. mEq/kg Wet Weight gem/kg Wet Weight 
Hours ea ys H,0 
Control 0 ro “furee se 4.7 2.29 + 0.56 798.6 + 9.9 
Control 4 Boge? Fro MFole7 Te 736.5 + 8.7 
10°°M TAA 4 2eewros eo raed ~ 4.62.4 0.75 1) a 
10° °M DNP 4 Or e1O0.38 = 1.2 9.09 + 0.34 753.8 + 6.3 
lo "rake prmeecte of Inhtbicare op ¢ 5 Ef iponn troy, Je (ESR 4.6 
f0°*8 Gaathtn 4 a” “torte “1.4 6.38 + 0.02 Page + 4.0 
K’-Free 4 SeeTise: Serge seme get TFS% + 7.3 
iit 4 2™ T7165 + 9.8 4.01 + 0.95 770.95 + 10.6 


Values are means + S.E.M. Nat orich tissues were prepared by incubation 
overnight in KT-Free Krebs-Ringer solution at 5°C. The tissues were then 


incubated at 25°C for the- times indicated. 
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inhibitors IAA and DNP alone or together prevented Na’ extrusion and 
oe 
K accumulation. This effect was most prominent with IAA and DNP 
together, which also prevented water extrusion from Na‘-rich tissues. 

Incubation of Na‘-rich aortae in K’-free Krebs-Ringer at 
25°C or Krebs-Ringer at 5°C had the same effect as IAA and DNP 
together on net ion and water movement. 

+ + + 
Ouabain inhibited recovery of Na and K in Na -rich aortae 


but did not prevent loss of tissue water. 


vi. Effects of Inhibitors on ie Efflux from Rabbit Aortae. 
Figures 40 and 41 compare the efflux of a from fresh aortae and the 
effects of various inhibitors on the efflux. The analyses of these 
curves are summarized in Table XXXIV. 

The efflux of KT from fresh rar tee was best described 
by three compartments and a small bound fraction. Most of the tissue 
Kr was found in the fast compartment (A corr.). Using Bevan's (1960) 
value of 62.06% of the wet weight for the extracellular space, then 
the concentration of Kr in this compartment was calculated to be 
39.9 + 1.5 m Eq/1, i.e. much more than the amount in the Krebs-Ringer 
solution (4.63 m Eq/1). Much superficial, rapidly exchanging Kt as 
well as extracellular Kt must have been in this compartment. 

One effect of metabolic inhibitors and ouabain was to 
decrease the total efflux from the second cellular compartment, by 
reducing the amount of ae emerging from this compartment (B corr.) 


without changing the rate (Ky) appreciably. The rate of efflux from 
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Figure 40. Efflux of 42K at 25°C from fresh aortae loaded 
with '*K for 2 hours at 37°C. Data for control 
tissue and for tissues treated with 10 2M IAA + 
DNP and 10 °M ouabain are plotted. 
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Figure 41. 
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FRESH AORTAE 
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Efflux of *2K at 25°C from fresh aortae loaded 
with *2K for 2 hours at 37°C. Data for control 


tissue and for tissues treated with 10 °M IAA 
or 10 *°M DNP are plotted. 
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the third compartment (K,) was tripled by IAA or ouabain, and doubled 
by DNP. IAA, DNP or ouabain also increased the total efflux from the 
third compartment (C x K) with ouabain being most effective. IAA 
and DNP had less effect on the rate (K,) and total efflux (C x K) 
from the third compartment and increased the amount of Kr in the 
bound fraction (D). These effects of the inhibitors were also 
associated with a net downhill movement of Na’ and a The limited 
number of experiments on tates and als efflux precludes complete 


explanation of all the results presented. Areas requiring further 


investigation are presented in the discussion. 


C. Discussion. 

i. Compartments of ear in Rabbit Aortae. The exchange 
of Na’ from fresh and Na’-rich rabbit aortae could be described by 
a three compartment system plus a very slowly exchanging bound 
fraction. The first and more rapid phase of exchange was not affected 
by temperature, K concentration, ouabain or metabolic inhibitors, and 
was assumed to be due to diffusion from the extracellular phase. 

The second phase of SNe exchange was found to be sensitive 
to procedures which inhibit active transport and was assumed to be of 
a cellular origin. These effects were most pronounced in Na’-rich 
aortae in which active transport of Na’ is increased. 

ape efflux from the slower third phase was not affected 


as much by ouabain and K-free solution as the second phase. However 


: : : : 5 : 
in inhibited tissues, the Na content of the third phase often 
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increased at the expense of Na’ in the faster second phase, which 
Suggests that the third compartment may also be of cellular origin. 
When the faster cellular phase is inhibited most of the cellular Na’ 
is then exchanged via the slower cellular phase. A similar situation 
has recently been reported for uterine smooth muscle by Daniel and 
co-workers (1969), and has led them to postulate that the efflux 

from the slower phase is controlled by a passive mechanism while 

the rate of efflux from the faster fraction is determined by an 
active efflux. 

The last component of 2200 exchange was from a very slowly 
exchanging bound fraction. Cooling to 5°C markedly increased the Na* 
apparently in this fraction. In uterine smooth muscle these workers 
suggested that this fraction is Na’ complexed to membranes and macro- 
molecules, or sequestered in the membrane vesicles which may be 
involved in active Na’ efflux and/or a passive Nat exchange (Daniel, 
1969c; Daniel and co-workers, 1969). It is thought that cooling 
closes the vesicles and thus increases the apparently bound fraction. 
The location of the apparently bound fraction in aorta is uncertain, 
however since aortic smooth muscle also contains many pinocytotic 
vesicles a similar situation may exist to that reported for uterine 


smooth muscle. 


fi. Cellular e2h¢ Efflux by More Than One Na’—Pump. 


The presence of IAA and DNP together was found to inhibit Na’ efflux 


from the fast cellular compartment more than ouabain in fresh tissues, 
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and this effect was also associated with a gain of water. In swollen 
Na’-rich aortae, IAA and DNP, prevented water extrusion but this effect 
was not found with ouabain. Daniel and Robinson (1969b) have shown 
that IAA and DNP together rapidly deplete the ATP and ADP levels in the 
smooth muscle of the uterus, and also inhibit Na’ efflux and water loss. 

It therefore seems that besides the ouabain sensitive Na’ 
pump, another Na’—pump which is insensitive to ouabain but which also 
requires ATP to function may exist in rabbit aorta. It is reasonable 
to postulate that this latter pump controls cell volume. However this 
postulate is based on the assumption that the observed inhibition by 
Ouabain was the maximum obtainable and also that IAA and DNP depleted 
the ATP supply in rabbit aorta. 

Since exposure to K'-free Krebs-Ringer solution caused 
some swelling (water gain) in fresh tissues, and prevented water 
loss from Na‘-rich tissues, it is suggested that the Na’ -pump con- 
trolling cell volume may also require external am Whether this 
second Na’ -pump is a Na-Cl pump similar to those found in kidney 
(Kleinzeller and Knotkova, 1964, 1967) or in gall bladder (Diamond, 
1962a, b, and c) is uncertain. Further studies on mai and a2, 
influx, and the net movement of Cl would be necessary to show that 
this is an active Na-Cl pump. Also, if the volume-pump requires 
external Kr but is not coupled to Kr influx, then a K’-free Krebs- 
Ringer solution would not be expected to alter Kr fluxes more than 
ouabain. 


Results obtained by analysis of the data for cae efflux, 
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suggests that cellular KT was also distributed in two fractions. Of 
these the second slower cellular phase of efflux was affected by 
inhibition of active transport (efflux increased), and thus may be 
associated with the ouabain sensitive Na’ -pump. If the efflux of 
Na’ by the second pump (volume regulating pump) is not linked to a 
concommitant influx of a then ATP depletion by metabolic inhibitors 
should increase rai efflux to the same degree as ouabain. However 
the metabolic inhibitors were found to be less effective than 
ouabain in altering the efflux of ae Since IAA and DNP also had 
different effects on Nat efflux in fresh and Na’-rich aortae it seems 
that in this tissue these inhibitors may have other effects besides 
the inhibition of ATP supplies. Insufficient data on the effects of 
IAA and DNP precludes definite conclusions on their effects. 

The data presented supports the involvement of a classical 
transport ATPase, operationally involved in a Na’-pump in smooth 
muscle of rabbit aorta. The lack of ouabain effect on cell volume 
Suggests that this pump does not control cell volume. However, there 
is also a component of Nat efflux which persists after ouabain 
inhibition of this pump and therefore there probably is a second 
ATP dependent Na‘-pump present which is unaffected by ouabain but 


which controls cell volume in rabbit aorta. 
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CHAPTER VI. GENERAL DISCUSSION AND CONCLUSIONS 


A. General Discussion. 
. ot 

The phenomenon of active Na transport has been demonstrated 

to exist in cells of a wide variety of mammalian tissues, including 
‘ as ' 
vascular smooth muscle. This active Na extrusion operates at the 
expense of cellular energy usually obtained by hydrolysis of ATP. The 
‘ 5.5 + : ‘ 
involvement of a membrane (Na + K )-ATPase in this process has been 
well established. This enzyme has been found in most tissues, however 
to date there are no reports clearly demonstrating its presence in 
vascular smooth muscle. Thus the prime purpose of this thesis was to 
' “Le + ; ; 

determine whether a (Na + K )-ATPase exists in this tissue. 

The present study was begun with the assumption that this 
enzyme does exist in aortic smooth muscle and careful consideration 

+ + ; 

was given to the possible reasons why (Na + K )-ATPase activity 
could not be demonstrated with the enzyme isolation and assay tech- 
niques employed by others. 

Aortic smooth muscle is not the only tissue in which 

Pare ; of ate Atal 
difficulty in demonstrating (Na + K )-ATPase activity has been 
encountered. A classical example is cardiac muscle, in which it was 
found that high levels of actomyosin ATPase were contaminating the 
homogenate or subcellular fractions of this tissue and thus masked 
a ay 4 4 

detection of the membrane (Na + K )-ATPase. In view of this problem, 


Potter and co-workers (1966), developed an isolation procedure which 
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extracted the contaminating ATPase activity and yielded a membrane 
preparation in which (Na* + K")-ATPase activity could clearly be 
demonstrated. Hence the possibility of a similar situation occurring 
in aortic smooth muscle homogenates and subcellular fractions was 
considered. 

Another point for consideration is that the stimulation 
of the membrane ATPase by the addition of Na* plus KT is an 
important property which is frequently used to demonstrate the 
presence of the enzyme. Thus contamination of the tissue homogenate 
either by Na’ or Kr could limit the effects observed upon addition 
of these ions. Furthermore the conditions used to determine ATPase 
activity may not be optimal for a demonstration of (Nat + RHE 
ATPase activity under some experimental circumstances. 

Vascular smooth muscle in comparison to other tissues does 
not lend itself to mild homogenization techniques, therefore other 
problems were also anticipated in demonstrating (Na* + K")-ATPase 
activity. 

Since the differential centrifugation techniques employed 
to isolate particulate membrane fractions (microsomes) from other 
tissues, depends on a separation according to particles size, the 
distribution of the membrane fragments in the fractions obtained 
have to be determined along with a similar study of the degree of 
contamination of the membrane fractions by fragments of other cell 
organelles. For instance (Nat + KT)-ATPase activity could be masked 


by the presence of mitochondrial ATPase activity. Since particle 
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size depends to a large extent on the homogenization techniques used, 
and since the homogenization of aortic smooth muscle cannot be varied 
much, attempts at separating contaminating cell fragments from the 
membrane preparation. by methods which separate according to both 
size and density should also be considered. The possibility of 
destroying or changing the properties of the (Nat + K’)-ATPase by 

the homogenization or isolation techniques used must be considered in 
studies of this nature. 

Recently Verity and Bevan (1969) studied the distribution 
and properties of ATPase activities in homogenates and subcellular 
fractions of rabbit aortae. Using a Tris buffered assay media, they 
were able to demonstrate both Mg *-ATPase and ca’ -aTpase activities, 
in their preparations, with the level of Me’ '-ATPase being highest. 
Most of the ve *t-ATPase activity was found in the microsomal fraction 
of their preparations. However, they were unable to demonstrate Na‘ 
plus KT stimulation or ouabain sensitivity in this fraction. Without 
a detailed consideration of the possibilities mentioned above, which 
may well have prevented detection of the (Na. + K*)-ATPase activity, 
these investigators concluded that this enzyme may not exist in 
vascular smooth muscle. 

In the present study of the rabbit aortic ATPase activities, 
the first consideration was in the homogenization technique used. It 
has been pointed out by Allen (1967) that glass-glass homogenization 
of tissues can lead to contamination of such homogenates with Na’ from 


the glass. If Na’ contamination from this source were present in 
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addition to small amounts of cellular ane in concentrations sufficient 
to stimulate (Nat + K')-ATPase activity then addition of further Na’ 
plus ie in the assay system may not result in further stimulation. 
However if this were the case the enzyme should still be detectable 

as ouabain would be expected to inhibit the apparent ATPase activity. 
Nevertheless, to avoid possible Na’ contamination different homo- 
genization techniques were attempted. Unlike softer tissues such as 
liver, it was difficult to homogenize rabbit aorta with a teflon- 
pestle homogenizer, a VirTis blade type homogenization was found more 
suitable and therefor used. 

When VirTis prepared rabbit aortic homogenates were assayed 
in Tris-buffered media, ATP was readily hydrolyzed in the presence of 
Mg** and, to a less degree in the presence of ae, However neither 
of these activities could be further stimulated by the addition of 
Na’ plus KT nor affected by addition of ouabain, nor was this hydrolysis 
specific for ATP as other nucleotides could also be readily hydrolyzed. 
The homogenate therefore contained general nucleotide phosphatase 
activity. Thus the ATPase activities in homogenates of rabbit aortae 
prepared by VirTis homogenization and assayed in Tris-buffered media, 
were not unlike those which have been previously reported for this 
tissue. 

Because of the existing possibility that the (Na* + . - 
ATPase activity could easily have been masked by the presence of other 
ATPase activities such as myosin ATPase or mitochondrial ATPase as 


well as nonspecific nucleotide phosphatase activity, attempts were 
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made to isolate a membrane preparation from rabbit aortae which would 
Sarai mainly (Na* ue K")-ATPase activity free of other ATP hydro- 
lysing activity. 

Differential centrifugation of tissue homogenates has often 
been used to obtain microsomal preparations composed primarily of 
endoplasmic reticulum and plasma membrane fragments (Hanzon and 
Toshi, 1959; Siekevitz, 1959; Hokin and Hokin, 1960; Charnock and 
Post, 1963). Because both the time and type of homogenization, as 
well as the nature of the tissue can greatly influence the composi- 
tion of various fractions obtained by differential centrifugation, it 
was necessary to determine the nature of the subcellular fractions of 
rabbit aorta which were obtained by various procedures. 

The nature of these fractions was determined by combining 
both morphological data obtained by electron microscopy and biochemical 
data from enzyme marker studies. Morphologically the fraction obtained 
by low-speed centrifugation (P,) was found to be composed primarily of 
cell debris, nuclei and connective tissue. The next fraction (Po) 
contained material of smaller fragments and a few mitochondria. 

There were few whole mitochondria in this fraction and the significance 
of this was not immediately recognized since whole tissue sections 
showed that mitochondria were not in great abundance in aortic smooth 
muscle. However the significance of this observation will become more 
apparent later when discussing the 05 consumption of the fractions as 
this property was used as an indication of mitochondrial distribution. 


Fraction Pas sedimenting at 100,000 x g, contained many membranous 
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structures and fragments but whether these were derived from the cell 
plasma membrane was not known. 
By studying the distribution of the nucleic acids RNA and 


DNA most of the DNA was found in fraction P., while most of the RNA 


1 
was in fraction P,. This result could be anticipated if fraction 


3 

Py contained most of the nuclear material and fraction P3 contained 
ribosomalmaterial derived from the cellular endoplasmic reticulum. 
The distribution of enzymes reported to be localized in the plasma 
membrane of other tissues were also studied. These plasma membrane 
enzyme markers were found to be of highest specific activity in 
fraction Poss with much lower activities in fraction Po and Pie 

Because the isolation technique used to separate the fractions 
depends on the size of the particles, some membrane material would be 
expected in all the fractions. Since most of the membrane material 
was in the slowest sedimenting microsomal fraction, it is apparent 
that the homogenization procedure must have disrupted the membranes 
into small particles. For this reason it was very important to study 
the distribution of mitochondria, since fragments of mitochondria 
could easily be contaminating the microsomal P. fraction and escape 
recognition by morphological examination. 

The distribution of mitochondria in the aortic fractions was 


determined by measuring the O, uptake by these fractions. Surprizingly, 


2 
most of the 05 uptake was found in fraction Py: Since morphological 
examination did not reveal any whole mitochondria in this fraction, 


contamination by mitochondrial fragments was assumed. This assumption 
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was further substantiated by showing that less disruptive homogeniza- 
tion techniques increased the amount of 0. uptake in fraction P., 


while decreasing 0, uptake by mitochondrial fragments in fraction Py. 


2 
Also mild glass-teflon homogenization of rabbit liver, a tissue which 
is abundant in mitochondria, resulted in the major 0, uptake in 
fraction Pos whereas when this tissue was VirTis homogenized the 0, 
uptake of fraction P., increased considerably without morphological 
evidence of a redistribution of whole mitochondria. The results 
leave little doubt that VirTis, and to some extent the commonly used 
glass-glass homogenization techniques, can contribute mitochondrial 
fragments to so called microsomal fractions and thus complicate 
interpretation of results. A corollary of this observation is that 
1£ isolation of whole mitochondria from a tissue is desired, then the 
mildest possible homogenization techniques would be indicated. 

Since mitochondrial fragments would contain ATPase activity 
of their own, a sucrose density gradient centrifugation technique 
was developed to separate some of this contamination from the membrane 


microsomal material. Here again O, uptake and morphologic studies of 


2 


the aortic and comparative liver fractions were found useful in 
improving the isolation procedure. The final gradient used in this 


study separated the P, fraction into three components, (Pp» My and Np) > 


3 
It was found that the microsomal fraction Py obtained by this procedure 


now was much less contaminated by mitochondrial fragments than 


the original fraction P Most of the mitochondrial contamination 


ee 


was now localized in the My fraction, with other fragments of- collagen 
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and cell debris found in fraction Np: 

Thus it can be seen that accompanying characterization 
studies were indispensable to an interpretation of results of sub- 
cellular fractionation procedures of tissue homogenates, for which 
such a fractionation has not been established. The method of 
initial homogenization has also been shown to play an essential 
role in determining the final composition of the fractions obtained. 

When the ATPase activities of the subcellular fractions 
were assayed in Tris-buffered media, most of the activity originally 
in the homogenate was found in the PD fraction. However none of the 
Mg*t-ATP ase activities in the subcellular fractions could be stimu- 
lated by the addition of Na* plus am moreover the properties of the 
enzyme activities were not unlike those in the complete tissue homo- 
genates. The possibility that the composition of the assay media 
used was not optimal for demonstrating (Nat + Kt) -ATPase activity, 
was therefore considered. Since it had been reported by Skou (1964) 
that the stimulation of the (Nat + K)-ATPase by monovalent cations 
was higher in histidine buffered assay media than in those with Tris- 
buffer at the same pH, the Tris-buffer in the assay media was 
replaced by a histidine buffer. 

When assayed in the presence of histidine buffer the specific 
activity of the Mg*t-ATPase activity of the total homogenate of rabbit 
aorta was lower than that in Tris-buffer, but most significantly the 
addition of Nat plus Kt resulted in some further stimulation of this 


activity. On the other hand, Me’ *-ATPase activities of any of the 
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subcellular fractions were not stimulated by the addition of monovalent 
cations. It was found that after subcellular fractionation, a non 
enzymatic factor, remaining in the 100,000 x g supernatant fraction 
(S35). had to be added back to any of these subcellular fractions in 
order to demonstrate Na’ plus Kt stimulation of the Me t-aTPase 
activity. This factor was not identified but a preliminary study of 
its properties suggest it to be a weakly acidic lipoprotein. The 

S43, factor was heat stable, but in other respects differed from the 
activating factor isolated by Schwartz and Laseter (1964). 

An interpretation of the effect of the supernatant factor is 
that it seems to induce Na’ plus rat stimulation by converting some of 
the Mg’ '-ATPase activity to a form which required the addition of mono- 
valent cations for full activity. It is proposed that the S35 material 
is very loosely bound to the enzyme and that isolation of the fractions 
physically separated the material. It is also possible that the VirTis 
homogenization could have been responsible for weakening or dislodging 
the factor from the enzyme protein. This hypothesis is supported by 
the following observation. 

When assayed in a histidine-buffered assay media a mixture 


of Py + S., was found to contain the highest monovalent cation stimu- 


3B 
lated Mg -ATPase activity. Addition of increasing concentrations of 
Tris to such an enzyme preparation, resulted in a gradual loss of 

a os 
the Na plus K stimulated activity along with an increase in the 


He : ‘ 
Mg -ATPase activity. Tris may be acting as a monovalent cation 


ad 
itself in competition with Na’ and K for their activation sites on 
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the enzyme. Since Tris has been shown to alter the physical properties 
of tryptophanase (Gopinathan and DeMoss, 1968) the possibility also 
exists, that Tris could be interfering with the action of the S 3p 
activating factor which had to be added to the enzyme preparation. 
Tris also decreased the specificity for ATP hydrolysis and other 
nucleotides could also be readily hydrolyzed. For example in Tris- 
buffer, the rates of ATP, ADP or AMP hydrolysis by the aortic micro- 
somal preparation did not differ much from each other. Although the 
rates of adenine nucleotide hydrolysis by these enzyme preparations 
in histidine assay media were lower than in Tris, there was a marked 
difference between the rates of hydrolysis of each of these compounds. 
AMP hydrolysis was very low to nonexistent in histidine buffer and 
also only the hydrolysis of ATP could be stimulated by addition of 
monovalent cations. Since the enzyme activity in Tris buffered 
media is not specific for ATP and behaves more like a general nucleo- 
tidase activity, it is suggested that Tris may be interfering with the 
mechanism of ATP hydrolysis. Dayan and Wilson (1964) have reported 
that the presence of Tris can increase alkaline phosphatase activity 
by catalyzing a transphosphorylation of Tris itself which occurs at 
a faster rate than that of the intermediate normally involved. 

More than one type of ATPase activity was found in the P. + 


D 


S 3, enZyme preparation. Most of the ATPase activity was found to be 
a Mg*t-ATPase. Mg**-aTPase activities are found in dug + Kt) -ATP ase 
preparations but usually are not responsible for most of the ATPase 


activity. Some of this Mg’ -ATPase activity in the aortic preparation 
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could be due to the presence of mitochondrial ATPase since the isolation 
procedure could not completely remove all mitochondrial contamination 
of the Py fraction. Azide, which is thought to be a specific inhibitor 
of mitochondrial Me**-ATPase under some circumstances, was found to 
, : ++ 

be an effective inhibitor of the Mg -ATPase in the aortic fractions. 

Ca -ATPase activity was also found in the Py + S45 enzyme 
preparation. By employing an extraction technique reported to 

++ 
solubilize actomyosin, most of the Ca -ATPase activity character- 
istic of actomyosin was found to be localized in fraction Pie with 
little contamination of the microsomal fraction. Work by other 
F , : 4 ich , 
investigators has also shown that Ca -ATPase activities are often 
: + ot ‘ 

found in (Na + K )-ATPase preparations from nonmuscular tissues. 

7 ' ett shes : . 
Whether the Ca -ATPase activity found is a separate enzyme contamin- 
ating the PD + Sp ATPase preparation is not known, but this activity 

; por ‘ p : “r 
could be due to a Ca activation of the same ATPase that is Mg 
activated. 

Among these ATPase activities, monovalent cation stimulated 
ATPase activity was also demonstrated in the aortic PD a} S 3p prepara- 
tion, Since such activity has never been demonstrated in vascular 
smooth muscle before, a study of the properties of this enzyme was 
made to see if these properties were similar to those reported for the 

+ 

(Na + Kt) -ATPase from other tissues. In many respects the properties 
of the enzyme in vascular smooth muscle clearly resembled those of a 


typical (Nat r K")-ATPase preparation from soft tissue or red cell 


membranes. It required the presence of Moin for stimulation by the 
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addition of Na* plus Kr, Ca’? could not replace Men for this property, 
and furthermore Cat could inhibit the monovalent cation stimulated 
activity in the presence of oe, In addition, the hydrolysis of 
nucleotides other than ATP was not stimulated by monovalent cation 
addition. 

Specific inhibition of the monovalent cation stimulated 
portion of the (Nat bs K')-ATPase activity by ouabain is a unique 
property of this enzyme, and is therefore often used as a critical 
test for the presence of this enzyme. In the aortic preparation only 
a small portion of the total monovalent cation stimulated ATPase 
activity was inhibited by ouabain. However inhibition of the ouabain sensitive 
portion of the ATPase activity could be overcome pubincreactan Kt 
concentration indicating a similarity to typical (Nat as K’)-ATP ase 
preparations. The incomplete inhibition of the monovalent cation 
stimulation by ouabain was found to be due to the presence of a 
ouabain insensitive Ria. stimulated ATPase activity. fiat + aA 
ATPase activity which has been found in most tissues requires the 
addition of both Nat and Kr together for full activation, and the 
stimulation obtained by adding the ions individually is negligible. 
It is possible that the Na’ -ATPase activity could have been due to 
Ki contamination of the aortic preparation although this would not 
explain the lack of ouabain sensitivity. However this possibility 
was tested by depleting the tissue of its Kr by soaking it in re free 
media prior to homogenization and/or by treatment of the microsomal 


fraction with a iis chelating agent (tetraphenylboron). These attempts 
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at KT removal did not reduce or remove the Na’ stimulation of the 
enzyme, 

Since it has been shown by Askari and Fratantoni (1967) 
that ouabain insensitive Na’ -ATPase activity could be demonstrated 
after severe disruption of (Nat + K’) -ATPase containing red cell 
membranes, the possibility that the Na’-ATP ase activity found in 
aorta may simply be an artifact of the homogenization procedure was 
considered. In order to test this possibility rabbit kidney cortex 
(a soft tissue, and a good source of (Nat + K") -ATP ase) was 
homogenized with the VirTis and the microsomal fraction was isolated, 
to see if this would result in a poor (Nat + K*)-ATPase preparation 
and also a high Na’ -ATPase activity. However, when assayed for these 
enzymes the VirTis homogenized kidney preparation contained (Nat ft = 
ATPase activity which was very sensitive to ouabain, with no indication 
of Na‘ -ATPase activity. This result suggests that the Na’ -ATPase 
activity of aortic smooth muscle is probably a real entity and not an 
artifact resulting from the homogenization and isolation technique 
used. Moreover in a membrane microsomal fraction of uterine smooth 
muscle prepared by loose teflon homogenization, a similar ouabain 
insensitive Nd RtATPagd activity has been demonstrated (Daniel and co- 
workers, 1969). 

When various treatments and procedures were used to try and 
selectively inhibit the Na‘ -ATPase activity, any change in the Na’ -ATPase 
activity was invariably accompanied by an equivalent change in Na’ plus 


KT stimulated activity. It is therefore suggested that in intact rabbit 
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aortae the Na’-ATPase function is in close proximity to the (Na* ot y= 
ATPase in the membrane of this tissue. 

The evidence presented on the ATPase activities of rabbit 
aortic subcellular fractions indicate that in the presence of histidine 
buffer and a soluble co-factor, Me**-aTP ase and Ca‘ '-aTPase activities 
exist, and in the presence of ioe ouabain insensitive Na'-stimulated 
and ouabain sensitive Na’ plus ra stimulated ATPase activities can be 
demonstrated. 

The possibility that more than one discrete ATPase activity 
is located in the membrane is not an unusual situation. In fact most 
of the biochemical studies on (Nat + e youTPase activities of purified 
membrane preparations also report the presence of Mg**-aTP ase and in 
ATPase activities. Usually special denaturation or solubilization 
procedures can reduce or remove the Meta or Cath activated ATPase 
activities from (ree + Ki") -ATPase activity, but this does not mean 
that these other enzymes were not discrete enzymes themselves. Histo- 
chemical studies have also supported the existence of more than one 
type of ATPase activity localized in membranes, however, controversy 
as to whether the histochemical lead staining methods used are valid 
makes interpretation of such data difficult. 

Although more than one type of ATPase activity seems to exist 
in the cell membrane, only the (Nat + K')-ATP ase has been assigned a 
physiological role in ion transport. 

Recent studies have indicated that in some tissues not all 


the active transport of Na’ can be inhibited by ouabain, and that other 
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energy dependent Na’-pumps may exist. Since a ouabain insensitive 
Na’ -ATP ase might be involved with one of these Na’-pumps, some 
preliminary studies on the efflux of 2a and 42, were carried out. 

The efflux studies showed that in fresh rabbit aortae 
ouabain or K'-free solutions had some inhibitory effects on efflux 
from the main cellular Nat compartment. This inhibition was more 
pronounced in tissues which were made Na‘-rich, and in which active 
Na* transport is increased. The results were not unlike those 
previously reported for 2208 exchange in vascular smooth muscle of 
other species, and thus suppat the existence of a ouabain sensitive 
Na*-pump in this tissue. 

When a2uh efflux from rabbit aortae was measured in Krebs- 
Ringer at 5°C, or media containing the metabolic inhibitors IAA and 
DNP, cellular ere efflux was inhibited more than by ouabain. 
Assuming that IAA and DNP inhibited metabolism and decreased the ATP 
supply in this tissue, a second Na’ “pump insensitive to ouabain and 
possibly ATP dependent, may exist in this tissue. 

By following the net movement of Na’, KT and water in rabbit 
aortae it was found that cooling to 5°C, addition of ouabain or the 
metabolic inhibitors caused net downhill ion movements in fresh 
tissues. Cooling and metabolic inhibition also caused a gain of tissue 
water. The uphill movement of ions and loss of water observed when 
Na’-rich tissues are incubated in Krebs-Ringer at 25°C, could be pre- 
vented by cooling to 5°C or by addition of the metabolic inhibitors. 


+ + 
Ouabain however only prevented recovery of Na and K in these tissues, 
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and did not prevent water loss. In view of these results it was there- 
fore further postulated that the ouabain insensitive Na‘ =pump may be 
involved with regulating cell volume. 

The exchange of “tha and net ion movements yielded results 
very similar to those recently reported for uterine smooth muscle 
(Daniel and Robinson, 1969a, b, and c), and since a ouabain insensitive 
Na’ -ATPase has also been found in a membrane preparation of this 
tissue, it is tempting to postulate that this Na’-ATPase is in some 
way involved with the ouabain insensitive Naepute found in these 
tissues. However such an association must be viewed with caution 
since not enough evidence is available to relate the two systems. 

The results obtained from the experiments reported here 
Suggest several further areas of research which could profitably be 
undertaken. 

Since the homogenization technique used in this study 
increases the difficulty in obtaining a membrane preparation of 
aortic smooth muscle free of contamination from fragments of other 
cell organelles a less disruptive homogenization of this tissue may 
prove useful. Pretreatment of aortic tissues with collagenase or 
elastase might be useful in softening the tissue so that it could be 
suitable for homogenization with a teflon-glass type of homogenizer. 

The use of solubilizing agents such a deoxycholate might 
also be helpful in obtaining a (Na* + K")-ATP ase of higher specific 
activity and possibly some separation from the other ATPases that were 


found. Separation and isolation of the ATPases, especially the Na‘- 
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ATPase, from the membrane preparation would be desirable so that the 
individual properties of these enzymes could be studied more thor- 
oughly. Such separation would be most desirable in any investigation 
of the mechanism of action of drugs on these enzymes. 

Further purification and characterization of the S33 factor 
would be essential in determining its nature, and also allow further 
investigation of the role this factor has in the monovalent cation 
stimulated ATPase reaction sequence. 

In order to establish that the Na’ -ATPase described here 
is actually involved with a volume regulating Na’ -pump, demonstration 
of such an enzyme activity in other tissues which possess such a Na’ - 
pump should be attempted. Also a specific inhibitor of this pump and 
the ATPase would be useful in establishing their relation. 

Further studies on pea and tex. influx and the movement of 
Cl would be necessary to establish whether the postulated volume 
regulating Na’ -pump is active and also its relation to the Na-Cl pumps 
described in other tissues. 

Moreover the effects of the inhibitors of dou efflux on the 
levels of nucleotides in rabbit aortae would be desirable, along with 
consideration of other effects the inhibitors may have (especially 
IAA and DNP) on the rabbit aortic smooth muscle cell. Morphological 


examination of the ultrastructure of these cells after treatment with 


these inhibitors might also provide additional information. 
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Be clusions 

1. Subcellular fractionation of VirTis homogenized rabbit 
aortae by differential centrifugation provided a microsomal fraction 
(P 3) containing primarily plasma membrane material but was highly 
contaminated with mitochondrial fragments. A sucrose density gradient 
technique was developed which allowed further separation of the mito- 
chondrial fragments and other cell debris from the membrane microsomal 
fraction. The specific activity of the ATPase in this final microsomal 
fraction (P) was also higher suggesting some purification of the 


ATPase from other protein material. 


2. In order to demonstrate a monovalent cation stimulated 
ATPase activity in the microsomal membrane fraction (?,) it was found 
necessary to include some of the 100,000 x g supernatant material 
(S,,)- This (S45) material was heat stable and without ATPase 
activity itself, but when added to the microsomal enzyme preparation 
seemed to convert some of the Me**-aTPase activity to a form also 
requiring monovalent cations for full activity. Studies on the 
properties of the S material indicate the material to be of a 


3B 


lipoprotein nature. 


3. The presence of Tris buffer was found to interfere with 
the monovalent cation stimulation of the ATPase activity. Tris 
increased ATP hydrolysis by the Mg’ ATPase and at the same time 
prevented further stimulation of the enzyme by Na’ plus Kt addition. 


Also the rate of hydrolysis of other nucleotides was increased by Tris. 
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4, A mixture of ATPase activities was found in the combined 
microsomal plus supernatant fraction (Py + S33) - One of these 
activities was found to be a Na’ plus ag stimulated ouabain sensitive 
ATPase activity. In the presence of histidine buffer, the properties 
of this enzyme were found to be very similar to those reported for 
the typical membrane (Nat + K*)-ATP ase. Most of the monovalent cation 


stimulated activity in this preparation consisted of a ouabain insensi- 


tive Na’ -ATPase activity. 


5. Inhibitors of active transport were found to affect part 
of the cellular efflux of 6h or vex in rabbit aortae supporting the 
existence of a ouabain sensitive Na’-pump in this tissue. In addition, 
a ouabain insensitive Na’ -pump, dependent on metabolic energy and 
involved in the control of cell volume was postulated. The possibility 
therefore remains that this second Na’ <pump may involve a Na’ -ATPase 


activity in this tissue. 
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